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A question of balance 


The turmoil in the financial markets could lead to severe cost-cutting by governments, but US politicians 
would do well to note the benefits of continued support for clean energy and climate policies. 


collapsing financial sector remained in limbo in the US Con- 

gress. Some such deal may yet be passed. Ifit is, it still may not 
be enough to stop the global economy from sliding into recession. 
Faced with the prospect of fresh outlays and declining revenue, the 
US government may soon be looking for ways to tighten its belt, a 
situation likely to be echoed in Europe and beyond. For science and 
technology, this could mean less money for basic research, education 
and clean energy, and could pose fresh threats to the long-promised 
climate legislation in the United States. 

Those who favour cutbacks — or, in the case of climate regulations, 
not moving forward — will say such activities cannot be afforded. 
In some cases, they may well be right; scientists may have to gird 
themselves for flat budgets into the foreseeable future, and set their 
priorities accordingly. But there is a danger that the debate will be 
framed entirely in terms of costs, with no consideration of the ben- 
efits. Investment in areas such as research, education and clean energy 
are part of the foundations for long-term prosperity. 

The good news in the United States is that both leading presidential 
candidates have made this connection, especially in the energy and 
climate arena. Neither the Republican candidate John McCain nor 
the Democratic candidate Barack Obama is selling climate regulation 
as an expensive moral obligation to the environment. Instead, both 
speak of the benefits of ‘green-collar’ jobs and energy security. 

There are concerns that McCain might succumb to pressure from 
the far-right of his party and back away from his pledge to curb green- 
house-gas emissions through a cap-and-trade programme. But he 
has yet to do so. His advisers continue to advocate hybrid vehicles, 
for instance, as both a cheaper and cleaner alternative to the internal 
combustion engine and a way to make the United States less depend- 
ent on increasingly expensive foreign oil. 

Obama has gone further, integrating energy and climate pol- 
icy with his plan for revitalizing the US economy. He argues that 
green jobs tend to be domestic jobs, which means energy security 
goes hand-in-hand with economic development. This might be 


\ s Nature went to press, a US$700-billion rescue plan for the 


dismissed as overly optimistic, given that the transition to clean 
energy won't be cheap, but there is little doubt that new industries 
will eventually rise in place of the old ones. In last week’s first presi- 
dential debate, Obama also endorsed solid investments in science 
and technology generally. 

It’s refreshing to see that this political realignment has also taken 
hold in Congress. Efficiency and conservation, frequently played 
down as feel-good measures in the past, are now seen as critical 
components of the energy equation. 
The notion that the government can 
use its purchasing power to advance 
the development of clean vehicles has 
been heralded as a way of increasing 
energy security while addressing the 
long-term threat of climate change. 


“The fundamental 
need to create a more 
sustainable energy 
infrastructure to power 
the globe will be as 


Such ideas, if implemented, will strong as ever, and the 
drive new investment in the yearsto market will respond to 
come. It will take time for the world’s th at opportu nity.” 


financial institutions to rebuild 

themselves following the implosion on Wall Street. But the funda- 
mental need to create a more sustainable energy infrastructure to 
power the globe will be as strong as ever. Eventually the market will 
respond to that opportunity. 

It would be naive to assume that progress on these issues will 
be easy, even with vigorous leadership. Private investment in new 
technology has increased significantly in recent years — but so have 
global greenhouse-gas emissions. This makes it all the more impor- 
tant that Congress and the international community move quickly 
to establish a solid and predictable climate regulatory framework 
to carry the world beyond the Kyoto Protocol. The current market 
turmoil is due in part to a continuing crisis of confidence, so a 
little regulatory certainty on greenhouse gases might be welcome. It 
wont solve the financial crisis by itself, but it would help businesses, 
financial institutions and funding agencies place their bets on 
the future. 7 


Life after Zerhouni 


The next NIH director must juggle stagnant budgets, 
unhappy grantees and investigative lawmakers. 


National Institutes of Health (NIH) in Bethesda, Maryland, 
leaves large shoes to fill. Zerhouni, who announced last week 
he will quit his post by the end of October (see page 570), managed 
the agency with a blend of vision, toughness and dedication even 


Ts imminent departure of Elias Zerhounias director of the US 


as it faced stagnating funding, ethical uproars and an explosion of 
knowledge in biomedical research. It is to his credit that he leaves the 
agency with far more friends than enemies, and with a well-earned 
reputation as a public servant who tirelessly maintained his integrity 
during the administration of President George W. Bush. 

Whoever follows Zerhouni faces unenviable challenges. Stem-cell 
research remains stymied by an outdated presidential policy. The 
conflict-of-interest scandal continues as Senator Charles Grassley 
(Republican, Iowa) has reported troubling instances of extramural 
NIH researchers failing to report five- and six-figure payments from 
drug companies that could benefit from their research. And with 
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nothing but flat funding for the foreseeable future, NIH-supported 
labs are being squeezed nationwide. A new generation of academic 
scientists is being imperilled as many head for jobs in industry or 
elsewhere rather than face the daunting odds of ever landing an 
NIH grant. 

All of this is occurring in the post-human-genome era with a 
knowledge base expanding at warp speed. Improved understanding 
and treatment of diseases have never been so tantalizingly close. So 
what qualities should the next president seek in a new NIH director? 
Three are key. 

First, despite the fact that some two-thirds of the agency’s budget 
is spent on basic research, the next director should be someone who 
understands, and is committed to, translating discoveries to the 
bedside. Zerhouni, a radiologist, did much to advance this agenda, 
although it was not his idea; the agency’s mission statement makes it 
clear that the NIH is devoted to “science in pursuit of fundamental 
knowledge... and the application of that knowledge to extend healthy 
life and reduce the burdens of illness and disability”. The agency's next 
director should not throw money willy-nilly at translational research; 
accountability is vital as such work goes forward. But taxpayers who 


invest US$29 billion annually in the NIH deserve to see their lives 
and health improved because of it. 

Second, the next director should be a gifted communicator who 
can speak with ease to the NIH’s scientific constituency, to Congress 
and to the public. Translating complex research into terms meaning- 
ful to the public and to lawmakers is a crucial skill, especially as the 
NIH seeks its share of an ever-more-constrained federal budget. 

Third, the next director should be an able manager willing to make 
and stick to tough decisions in times of ethical and financial stress. 
Although the ranks of current and former directors of the agency's 
27 component institutes contain many amply qualified candidates 
for the top job, it may be worth reaching outside NIH circles for a 
candidate not beholden to long-time peers in Bethesda. Zerhouni, 
who came from the Johns Hopkins School of Medicine in Baltimore, 
Maryland, showed that this strategy can work well. 

Overall, a director should be chosen with appropriate speed. 
Allowing the NIH’s top post to sit vacant for months or years — 
as Bush did when he took more than two years to nominate Zerhouni 
— could do serious damage to the agency at a time when bold 
leadership is vital. 7 


An end to secrecy 


China’s continuing openness on HIV is a welcome 
development and a model for other nations. 


issue contains a Feature by Linqi Zhang of Tsinghua 

University in Beijing and his colleagues on the status of HIV 
in southern China (see page 609). Their conclusions are alarming: 
HIV prevalence is no longer confined to high-risk groups such as 
those who inject themselves with drugs, but is now seeping into 
the general population. Some of the most rapid increases are among 
men in same-sex relationships. Moreover, the findings confirm 
what veteran outside-observers of China and those concerned 
with HIV globally have long suspected: patterns of infection in 
southern China are similar to those in other developing countries 
— especially those experiencing large-scale migration from rural 
areas to cities, which provides men and women with more oppor- 
tunities for sex. 

The good news, however, is that China is doing more to make 
its AIDS statistics available. Traditionally, China has controlled 
access to such information very tightly. After the first AIDS cases 
were reported in the 1980s, for example, it took the Chinese govern- 
ment more than a decade to acknowledge publicly that the epidemic 
even existed. But during the SARS epidemic of 2002-03, the gov- 
ernment’s secrecy drew the outrage of Chinese journalists and non- 
governmental organizations alike; the resulting outcry led to a change 
in official attitudes. 

The work of Zhang and his colleagues illustrates just how radical 
this change has been. Although the study was led by scientists inside 
China, the group included a leading US-based researcher, David Ho 
of the Rockefeller University in New York. The international team had 


\ s part of a special collection of articles on HIV, this week’s 
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full access to data supplied by government authorities — the results of 
tests from 3.2 million blood samples. And the authorities apparently 
made no attempt to control or influence the authors’ opinions. 

Giving outsiders access to sensitive public health information 
would have been unthinkable in China even a few years ago — just 
as it is in many Western countries even now. But then, China is slowly 
becoming more comfortable with the idea that all of society will bene- 
fit by sharing data and knowledge with 
others. Some of this transparency can 
be traced back to 1972 and the land- 
mark meeting between US President 
Richard Nixon and China's Chairman 
Mao Zedong. As noted by the histo- 
rian Margaret MacMillan, author of 
the 2007 book Nixon and Mao: The 
Week that Changed the World, China 
had a very pragmatic reason for the 
rapprochement: it needed access to US technology. That opening was 
greatly expanded by Maos successor, Deng Xiaoping. Deng acceler- 
ated scientific contacts with the rest of the world, sent hundreds of 
thousands of Chinese students to study in Western universities, and 
in 1987 hosted a landmark scientific conference in Beijing between 
China and the international community (see page 598). 

Of course, opening up on information is not the same as success- 
fully controlling the spread of infection. Much more needs to be 
done if the government is to meet its self-imposed target of limiting 
the total number of cases of HIV infection to 1.5 million by 2010. 
Nonetheless, transparency is an essential first step. There are the 
many nations — in North Africa and the Middle East, for example 
— where public discussion of HIV and its causes is still not as open 
as it could be. 

China was once ina similar position — but it changed. There are 
many good reasons why others should follow suit. 7 


"Giving outsiders 
access to sensitive 
public health 
information would 
have been unthinkable 
in China even a few 
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Vampire genes 


and his colleagues. 


aided a dietary switch to mammalian blood. 


Naturwissenschaften doi:10.1007/s00114-008-0446-0 (2008) 


The evolution of the common vampire bat, Desmodus 
rotundus, included three rounds of duplication of a gene 
that encodes a salivary enzyme involved in breaking 
down blood clots. Desmodus laps the blood of mammals. 
The other vampire bats — Diaemus youngi, which 

also feeds from mammals but prefers bird blood, and 
Diphylla ecaudata (pictured), which sticks to birds — 
have only one copy of a plasminogen activator gene, find 
David Liberles of the University of Wyoming in Laramie 


Their genetic analysis corroborates established 
species relationships. DNA sequencing revealed three 
alternative versions of the gene in Diaemus and four in 
Diphylla. The four gene copies that Desmodus expresses 
lack a section called Kringle 2. Its deletion may have 


GEOSCIENCES 


Carbon crunch 


Proc. Natl Acad. Sci. USA doi:10.1073/ 
pnas.0805382105 (2008) 

India’s smashing into Asia around 50 million 
years ago brought changes far beyond the 
creation of the world’s highest mountain 
range: the continental collision is widely 
thought to have altered global climate. 

Dennis Kent of Rutgers University in 
Piscataway, New Jersey, and Giovanni 
Muttoni at the University of Milan in Italy 
offer particular mechanisms for this. The 
researchers model predicts that the carbon- 
rich sediments on the former ocean floor 
stopped being subducted and producing 
carbon dioxide when the landmasses 
touched. 

Meanwhile, India’s drift into more humid 
equatorial climes increased the uptake of the 
greenhouse gas through greater weathering 
of silicates in the Deccan traps (pictured 
below). This could have lowered atmospheric 


568 


carbon dioxide enough to prompt the cooling 
trend in the Middle to Late Eocene. 


ECOLOGY 


Diatoms downsize 


Proc. R. Soc. B doi:10.1098/rspb.2008.1200 (2008) 
Global warming is predicted to be bad for 
diatoms. Hungry and heavy as plankton go, 
they are expected to find themselves with 
fewer nutrients and sink more quickly as 
temperature gradients, and thus density 
gradients, grow, increasing the energy needed 
for mixing. 

However, the total volume of diatoms in 
Lake Tahoe, on the California~Nevada border, 
did not change between 1982 and 2006, 
despite a warming in average air temperatures 
in the Tahoe Basin, report Monika Winder and 
her co-workers at the University of California, 
Davis. Instead, average diatom sizes fell from 
67 micrometres to 35 micrometres, stemming 
the mean sinking speed and altering energy 
transfer through the food web. 


CANCER BIOLOGY 


Ensuring a welcome 


Nature Cell Biol. doi:10.1038/ncb1794 (2008) 
Before travelling to new organs — or 
metastasizing — some cancers send chemical 
signals to prepare the target organ for their 
arrival. 

Yoshiro Maru and his colleagues at the 
Tokyo Women’s Medical University in Japan 
had previously found that primary tumours 
in mice secrete growth factors that stimulate 
lung cells to produce chemoattractant 
proteins. These recruit white blood cells into 
the lungs, and the resulting inflammation 
recruits cancer cells to the site. 
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The team now reports that the 
chemoattractants involved induce the 
synthesis of serum amyloid A3 in lung cells. 
This protein attracts and activates white 
blood cells, setting up a state of chronic 
inflammation that facilitates tumour cell 
invasion. Antibodies against serum amyloid 
A3 blocked metastasis. 


GEOLOGY 
Primitive petrous 


Science 321, 1828-1831 (2008) 

A beige outcrop in northern Quebec may be 
Earth’s oldest known crustal rock. Jonathan 
O’Neil of McGill University in Montreal, 
Canada, and his colleagues have dated parts 
of the stone using ratios of neodymium and 
samarium isotopes, and calculated the oldest 
section to be 4.28 billion years old. This is 250 
million years older than the previous record- 
holder. 

The rocks in question are from the 
Nuvvuagittuq greenstone belt. This belt had 
been estimated to be 3.8 billion years old, 
based on an analysis of zircon crystals. But 
the stone that O’Neil and his team probed 
contained no zircons, forcing them to use an 
alternative method. The outcrop’s low levels 
of neodymium suggest that it formed before 
Earth’s neodymium levels became fixed 4.1 
billion years ago. 


MECHANICS 


Slippery when clean 


Phys. Rev. Lett. 101, 125505 (2008) 

Friction is a familiar force in everyday life, 
but its nanometre-scale details are obscure. 
This is because the fundamental mechanisms 
are subtle and sensitive to contamination, 
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chemoattractants involved induce the 
synthesis of serum amyloid A3 in lung cells. 
This protein attracts and activates white 
blood cells, setting up a state of chronic 
inflammation that facilitates tumour cell 
invasion. Antibodies against serum amyloid 
A3 blocked metastasis. 


GEOLOGY 
Primitive petrous 


Science 321, 1828-1831 (2008) 

A beige outcrop in northern Quebec may be 
Earth’s oldest known crustal rock. Jonathan 
O’Neil of McGill University in Montreal, 
Canada, and his colleagues have dated parts 
of the stone using ratios of neodymium and 
samarium isotopes, and calculated the oldest 
section to be 4.28 billion years old. This is 250 
million years older than the previous record- 
holder. 

The rocks in question are from the 
Nuvvuagittuq greenstone belt. This belt had 
been estimated to be 3.8 billion years old, 
based on an analysis of zircon crystals. But 
the stone that O’Neil and his team probed 
contained no zircons, forcing them to use an 
alternative method. The outcrop’s low levels 
of neodymium suggest that it formed before 
Earth’s neodymium levels became fixed 4.1 
billion years ago. 


MECHANICS 


Slippery when clean 


Phys. Rev. Lett. 101, 125505 (2008) 

Friction is a familiar force in everyday life, 
but its nanometre-scale details are obscure. 
This is because the fundamental mechanisms 
are subtle and sensitive to contamination, 
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say André Schirmeisen of the University of 
Minster, Germany, and his colleagues. 

They pushed islands of the element 
antimony across a graphite surface using the 
tip of an atomic-force microscope. Some of 
the particles encountered frictional resistance 
proportional to their area of contact with the 
surface; others slid almost friction-free. 

The latter state, called superlubricity, 
has been argued to arise from a mismatch 
between the atomic-scale corrugations of 
two surfaces, which, in theory, should be the 
norm for solids. Schirmeisen and his team 
conclude that lubricity is undermined by 
impurities stuck at the interface. 


PLANETARY SCIENCE 


Mars lander 


Icarus 197, 452-457 (2008) 
A curious elongated 
crater in the 
northern lowlands 

of Mars may 

mark the final 

resting place of 

a lost moonlet. 

A related crater a 
short distance away 
and ‘butterfly wings’ 
of ejecta to either side 
show that the crater was 
formed by the larger of two 
objects following the same, shallow 
trajectory. 

According to modelling by John 
Chappelow and Robert Herrick at the 
University of Alaska Fairbanks, the distance 
to the secondary crater makes it improbable 
that this was the impact of an asteroid 
that split up in the atmosphere. And the 
alignment of the crater and its secondary 
makes it unlikely to have been a double 
asteroid. A small moon brought down by 
tidal drag and fractured in the atmosphere is, 
they argue, the most likely source. 


ATMOSPHERIC CHEMISTRY 


A chemical equator 


J. Geophys. Res. doi:10.1029/2008JD009940 (2008) 
A narrow atmospheric boundary in the 
Western Pacific keeps apart the more 
polluted air of the Northern Hemisphere 
from the cleaner air of the south. This 
newfound divide is markedly farther north 
than the Intertropical Convergence Zone 
(ITCZ), a tropical low-pressure belt that is 
thought to separate air masses elsewhere 
according to their hemispheric origin. 
Jacqueline Hamilton of the University of 
York, UK, and her team found that carbon 


monoxide pollution from biomass burning 
in Thailand and Indonesia dropped steeply 
across the 50-kilometre-wide boundary. 
They conclude that storms may lift air from 
the Northern Hemisphere into the upper 
troposphere — where pollutants remain 
longer — preventing it from mixing with 
southern air masses. 


THEORETICAL PHYSICS 
Computing with rainbows 


Phys. Res. Lett. 101, 130501 (2008) 

Schemes for quantum computing abound, 

but most intend to carry out computations on 

objects such as atoms. Now Nicolas Menicucci 
at Princeton University in New Jersey and 

his colleagues propose a method that 

uses a rainbow of colours. 

The group suggests firing 
lasers of 15 different 
frequencies into a cavity with 
a mirror at each end. Inside 
the cavity, a crystal splits 

each laser’s photons into 
quantum mechanically 
‘entangled’ pairs. Those 
pairs, in turn, become 
entangled with photons 
from the other lasers. 
The resulting cobweb of 
entangled photons could be 
visualized as a brightly coloured 
tube (pictured left). 

The authors would be able to manipulate 
their rainbow computer by measuring the 
entangled photons that escape from the 
cavity — and the computer could, in theory, 
perform any computation. 


CHEMISTRY 


Biofuel acid test 


Angew. Chem. Int. Edn doi: 10.1002/anie.200802879 
(2008) 

Tough, chewy parts of plants and even wood 
can be tapped for their fuel by dissolving 
them in an ionic liquid and then passing 
them over a solid acid catalyst, report Ferdi 
Schiith and his co-workers at the Max Planck 
Institute for Coal Research in Miilheim an 
der Ruhr, Germany. Specifically, a liquid 
made of an alkylmethylimidazolium salt 
dissolves woodchips. This allows the 
cellulose to be selectively hydrolysed when it 
passes through pores of a resin that contains 
sulphonic groups, generating sugars and 
smaller cellulose fragments. 

The acidic resins needed to break down the 
cellulose are already commercially available, 
making the process easy to apply on a large 
scale. 
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Anastrobiologist considers the 
implications of microbes’ mining 
abilities. 


Microbes have been boring ever 
since life began on Earth: boring 
into rocks, that is. But why? Perhaps 
to avoid competitors or predators, 
to escape from environmental 
extremes or simply to secure a 

site safe from turbulent waters. 

Or might they be mining minerals 
for essential nutrients? Although 
the reason may vary depending on 
environment and host rock, a recent 
paper shows that some microbes 
tunnel towards a particular mineral, 
suggesting that nutrient mining 
may be occurring. 

Tony Walton of the University of 
Kansas in Lawrence describes (and 
illustrates, gloriously) microscopic 
tubes in submarine glassy basalts 
from Hawai'i that show all the 
complex features of microbial 
borings (A. W. Walton Geobiology 
6, 351-364; 2008). The boreholes 
converge on olivine microcrystals 
but avoid plagioclase like the plague. 

Olivine incorporates trace 
metals such as nickel, copper and 
chromium, essential nutrients 
for many microbes because 
they form the reactive centres in 
metalloenzymes and cofactors 
that catalyse key steps in vital 
metabolic pathways. These metals 
are sensitive to levels of oxygen and 
sulphides, so their bioavailability 
may have changed as Earth's surface 
environment has become more 
oxygenated and, periodically, more 
or less sulphidic. So the microbes 
may be mining olivine for metals that 
are now or were once rare in solution. 

Two implications arise. First, 
although hominids have shown 
an ability to recognize different 
rocks for almost a million years, 
this geological aptitude may be 
more widespread and more ancient 
among other organisms. And 
second, as olivine occurs in martian 
meteorites and on Mars’ surface, 
perhaps future astrobiological 
space missions should be alert 
to the possibility that fossils of 
microbial miners may occur in 
subaqueously deposited basaltic 
sands on that planet. 


Discuss this paper at http://blogs. 
nature.com/nature/journalclub 
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NEWS 


NIH soon to be leaderless 


Plaudits for departing director Elias Zerhouni 
may be echoing through the US National 
Institutes of Health (NIH) in Bethesda, Mary- 
land — but underlying them is uncertainty 
about who will take over, and when. The White 
House has not yet named an acting director. 

After six and a half years at the helm of the 
NIH, the world’s largest biomedical research 
agency, Zerhouni announced last week that 
he will leave by the end of October. With this 
announcement, he sidestepped any notion that 
his decision is linked to the outcome of the 
4 November presidential election. But it ush- 
ers in a transition period that will stretch for 
at least several months. The next US president 
will not take office until 20 January 2009, and 
high-level presidential nominations like that of 
NIH director can be achingly slow to make. 

“We are all worried about what is going to 
happen in the interim and who the next direc- 
tor of NIH will be,’ says Story Landis, director 
of the National Institute of Neurological Disor- 
ders and Stroke, one of the NIH’s 27 institutes 
and centres. 

Zerhouni leaves as the $29-billion agency 
faces great financial stress. Its budget doubled 
between 1998 and 2003, but since then its 
purchasing power has eroded by 10% as slight 
budget increases have failed to keep up with bio- 
medical inflation. Many say that Zerhouni’s work 
in the face of nearly flat funding has, of necessity, 
been the defining feature of his directorship (see 
‘Difficult times to make an impact’). 

Anthony Fauci, the long-time director of the 
National Institute of Allergy and Infectious Dis- 
eases, remembers advising the newly appointed 


Elias Zerhouni: leaving this month. 


Zerhouni: “Elias, what happens to you is going 
to rely very heavily on circumstances that are 
totally beyond your control” The two men still 
joke about it. 

Zerhouni had faced challenges before. As 
the fifth of seven sons of a homemaker and a 
maths and physics teacher, he arrived in the 
United States from his native Algeria at the age 
of 24 with $369 in his pocket. By the time he 
was recruited to the NIH in 2002, he was one of 
the top experts in magnetic resonance imaging 
(MRI), and, among other things, had pioneered 
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magnetic tagging — an MRI method that can be 
used to track heart motions in three dimensions. 
He had also risen to become executive vice-dean 
and chair of radiology at the Johns Hopkins 
School of Medicine in Baltimore, Maryland. 

But it was soon apparent that the NIH gig 
wouldn't be a cake walk. “He comes into NIH 
and almost as soon as he gets there the good old 
days are over,” says Howard Garrison, public- 
affairs director at the Federation of American 
Societies for Experimental Biology (FASEB) 
in Bethesda. As the agency’s budget stagnated, 
success rates for grant applicants — espe- 
cially first-time grant-seekers — plummeted. 
Zerhouni responded in 2006 with the ‘Pathway 
to Independence’ awards for young scientists, 
and managed to bring the number of first-time 
awards back up to 1,600 last year after it had 
dropped below 1,400 in 2006. 

One early and much-criticized initiative was 
his ‘Roadmap for Medical Research’, a series of 
measures promoting trans-institute, high-risk, 
innovative research. As the budget for this grew 
from $132 million in 2004 (0.47% of the total 
NIH budget) to $495 million (1.7% of the total 
NIH budget) in 2008, it was perceived by some 
as too costly during a time of scarcity. In April 
2006, Andrew Marks, then editor-in-chief of 
the Journal of Clinical Investigation, penned an 
angry editorial that began by telling Zerhouni: 
“Obviously you are not a scientist.” 

To this day, Zerhouni remains unfazed by 
criticism of the Roadmap. “I needed to do 
something to recognize that the boundaries of 
science have changed,” he says. 

Zerhouni also battled a conflict-of-interest 
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scandal at the agency, after Congressional 
examiners uncovered lucrative payments to 
moonlighting intramural NIH researchers by 
drug companies with financial stakes in agency 
recommendations or research. Zerhouni imple- 
mented tough new ethics rules for staff scientists 
— which he softened only alittle after an outcry 
on the Bethesda campus. 

“He’s had to manage great expectations 
and stagnant resources,’ says Tony Mazzas- 
chi, senior director of scientific affairs at the 
Association of American Medical Colleges in 
Washington DC. “And in that environment, he 
was able to add power to the director’s role. 
That's not any mean feat.” 

The question is who will come next. Wash- 
ington is rife with speculation, most of which 
will turn out to be wrong. “When Elias became 
director, his name was nowhere on anybody’s 
radar screen,’ says Fauci. Fauci’s own name is 
inevitably floated whenever the NIH director- 
ship is vacant. And any shortlist could include 
a stable of current and former institute heads, 
from heart institute chief Elizabeth Nabel to 
Francis Collins, who recently departed as 
director of the genome institute. 

One other top medical spot in the Wash- 
ington area got filled this week. Robert Tjian, 
a biochemist at the University of California, 
Berkeley, will take over the presidency of the 
Howard Hughes Medical Institute in Chevy 
Chase, Maryland, next spring from departing 
leader Tom Cech. 

Zerhouni’s expected choice of acting director 
in his wake, deputy director Raynard Kington, 
is said to be a finalist for the chancellorship of 
the State University of New York. Doubtless the 
wisest shortlist reads: to be announced. | 
Meredith Wadman 
See Editorial, page 565. 


Senator Chuck 
Grassley reveals 
more conflict-of- 
interest payments | 


| Open-access policy 
| becomes mandatory 


Review of NIH peer- 


. Zerhouni 
review launched 


announces he 


budget requests flat 
funding for the NIH 


Hwang work granted patent 


Australia is to grant a patent for Woo Suk 
Hwang's cloning method, even though 
the Korean scientist lied about using it 
to create human embryonic stem cells. 
But the patent is unlikely to prevent 
researchers from carrying out such work. 
In 2004 and 2005, while at Seoul 
National University, South Korea, Hwang 
published a series of papers in which he 
claimed to have created a stem-cell line 
from a cloned embryo. An international 
patent describing his method was filed in 
2004 by the university's patent office. The 
application was based on an embryonic- 
stem-cell line that Hwang’s team had 
produced and deposited in an official stem- 
cell bank in accordance with the Budapest 
Treaty, which oversees the depositing of 
biological organisms for patent purposes. 
In fact, the stem-cell line had been 
created not from a cloned embryo, but by 
a process called parthenogenesis, in which 
an egg develops into an embryo without 
being fertilized. Hwang was later charged 
with fraud, embezzlement and violation 


it, or some “overriding right to refuse” 
could deny it. IP Australia is continuing to 
investigate the matter, but according to the 
representative, it is likely to be granted. 

“There is no statutory basis to refuse 
to grant a patent on the basis that the 
scientific data in a patent application 
is a misrepresentation or fraudulently 
obtained,” wrote David Johnson, acting 
commissioner of patents at IP Australia, in 
a statement last week. 

But Australia should refuse the patent on 
other grounds, according to David Earp, 
chief patent lawyer at Geron, the California 
company that holds international rights 
— including Australia — to an earlier 
patent that covers the cloning technique 
used to produce Dolly. “Geron retains all 
rights for use of [the cloning procedure] in 
human application, including the creation 
of embryonic stem cells,” he says. 

“The broad claims of the recently 
accepted Hwang patent are not 
distinguishable from the [Dolly cloning] 
technology, and so the decision by the 


of the country’s bioethics “IP Australia is Australian patent office to 
laws, he was sacked from . grant them appears to have 
the university and his not endorsing been in error, Earp says. 
high-profile papers were the research that The patent is unlikely to 
editorially retracted because : n beapowerful one. It would 
of their fabricated data. underpins the patent. come into play only if the 


Proceedings against him are ongoing. 

In June 2006, six months after Hwang’s 
work was discredited, the university's 
patent office made applications in eleven 
countries, most of which were refused. 
But the patent passed all the requirements 
of Australia’s patent office, IP Australia: 
it was new, inventive, fully described and 
adequately defined. 

IP Australia does not check for utility 
— that is, whether the patented procedure 
can actually produce what it claims. A 
representative there says there is no way 
they could test every claim that comes 
across their desks. Unlike most countries, 
the Australian patent office does not 
require authors to sign statements saying 
that their data are true. 

IP Australia announced it was accepting 
the patent on 12 June, pending its standard 
3-month period in which others can 
oppose it. No one opposed it. 

Because of the extraordinary 
circumstances of this patent, it is now ‘on 
hold’ IP Australia has another 3 months 
to grant the patent. During that period, 
the applicant could withdraw or amend 
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university’s patent office tried to restrict a 
group in Australia from using the method. 
But such a group could challenge the 
patent in court on the grounds of utility, 
noting that the data were fraudulent and 
that the cell lines were derived froma 
parthenote, not a clone. 

Johnson points out that even though 
misrepresentation cannot stop a patent 
from being granted, it “is grounds for 
revocation by the Court”. He adds that “IP 
Australia is not endorsing the research that 
underpins the application”. 

The university's patent office has 
applications pending in the United States, 
Canada, India and China. 

Only a few people around the world 
are currently experimenting with human 
embryonic cloning. “Until a thorough 
investigation into the patent and its claims 
has been completed we cannot make any 
conclusions about the impact it would have 
on our project,’ says Julia Schaft of the firm 
Sydney IVE, which last month became the 
first Australian group to receive a licence to 
attempt the technique. a 
David Cyranoski 
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technology, and so the decision by the 


of the country’s bioethics “IP Australia is Australian patent office to 
laws, he was sacked from . grant them appears to have 
the university and his not endorsing been in error, Earp says. 
high-profile papers were the research that The patent is unlikely to 
editorially retracted because : n beapowerful one. It would 
of their fabricated data. underpins the patent. come into play only if the 


Proceedings against him are ongoing. 

In June 2006, six months after Hwang’s 
work was discredited, the university's 
patent office made applications in eleven 
countries, most of which were refused. 
But the patent passed all the requirements 
of Australia’s patent office, IP Australia: 
it was new, inventive, fully described and 
adequately defined. 

IP Australia does not check for utility 
— that is, whether the patented procedure 
can actually produce what it claims. A 
representative there says there is no way 
they could test every claim that comes 
across their desks. Unlike most countries, 
the Australian patent office does not 
require authors to sign statements saying 
that their data are true. 

IP Australia announced it was accepting 
the patent on 12 June, pending its standard 
3-month period in which others can 
oppose it. No one opposed it. 

Because of the extraordinary 
circumstances of this patent, it is now ‘on 
hold’ IP Australia has another 3 months 
to grant the patent. During that period, 
the applicant could withdraw or amend 
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university’s patent office tried to restrict a 
group in Australia from using the method. 
But such a group could challenge the 
patent in court on the grounds of utility, 
noting that the data were fraudulent and 
that the cell lines were derived froma 
parthenote, not a clone. 

Johnson points out that even though 
misrepresentation cannot stop a patent 
from being granted, it “is grounds for 
revocation by the Court”. He adds that “IP 
Australia is not endorsing the research that 
underpins the application”. 

The university's patent office has 
applications pending in the United States, 
Canada, India and China. 

Only a few people around the world 
are currently experimenting with human 
embryonic cloning. “Until a thorough 
investigation into the patent and its claims 
has been completed we cannot make any 
conclusions about the impact it would have 
on our project,’ says Julia Schaft of the firm 
Sydney IVE, which last month became the 
first Australian group to receive a licence to 
attempt the technique. a 
David Cyranoski 
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Fears surface over methane leaks 


Preliminary data from two Arctic cruises 
suggest that rising temperatures are already 
causing substantial amounts of methane to be 
released from beneath the ocean floor. But cat- 
astrophic gas leaks, like those believed to have 
occurred 55 million years ago, are unlikely, 
scientists say. 

In the past few weeks, scientists aboard the 
British research ship James Clark Ross have 
discovered more than 250 plumes of meth- 
ane bubbling up along the continental margin 
northwest of Svalbard. The findings add toa 
similar discovery by a Russian team in August, 
that reported elevated methane concentrations 
near the Lena River delta, as part of the Inter- 
national Siberian Shelf Study (ISSS). 

The findings have provoked alarmist media 
reports predicting massive methane bursts that 
could accelerate global warming. Methane is a 
far more powerful greenhouse gas than carbon 
dioxide, although it is present in much lower 
concentrations in the atmosphere. 

But the phenomenon is probably not new. 
The scientists believe that methane has been 
released in the region for at least 15,000 years. 
“What we're now seeing certainly did not start 
in the last year or so,’ says geophysicist Graham 
Westbrook of the University of Birmingham, 
UK, who led the British team. 

“We have observed increased methane con- 
centrations in the Laptev Sea during several 


eee: 


British researchers found more than 250 plumes of methane bubbling up in the sea northwest of Svalbard. 


» 
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expeditions since the mid-1990s,’ says Igor 
Semiletov, who oversees the ISSS methane 
programme aboard the Russian research 
ship Jacob Smirnitskyi. “But the data set is 
extremely limited. Whether what we're seeing 


in the region is of any relevance for the global 
climate is mere speculation.” 

Semiletov says that the scientists did 
measure higher concentrations of dissolved 
methane this summer compared to summer 


Credit crunch threatens US wind-energy projects 


Wind developers in the United States could be 
the first among the energy sector to fall victim to 
the global financial meltdown emanating from 
Wall Street. 

The banking crisis that began with bad loans 
in the US housing sector has now brought 
down several commercial banks, one of the 
world's largest insurance companies and 
leading investment banks. These last have been 
particularly important in funding advanced 
energy technologies (through partnerships with 
wind developers) and in promoting international 
carbon markets. 

The economic crisis could hit the booming 
US wind sector first, because the tax incentives 
designed to promote investment in the 
technology are meaningless for companies 
without sufficient profit. Current US law provides 
wind developers with a tax credit of 2 cents per 
kilowatt hour. That can add up to millions of 
dollars annually, but many wind operators do not 
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Wall Street's woes may halt the wind-energy boom. 


have enough income to take full advantage of 
that type of tax credit. 

Before declaring itself bankrupt on 
15 September, US investment bank Lehman 
Brothers was one of several major firms that 
invested in wind projects in exchange for the tax 
credit, which they used to reduce their federal 
tax bill. The number of firms making such ‘tax 
equity’ investments has dropped from more 


© 2008 Macmillan Publishers Limited. All rights reserved 


than a dozen to five or six in recent months, says 
Ethan Zindler, who heads up North American 
research for the London-based consultancy 
firm New Energy Finance. “To use the tax credit, 
you have to have tax exposure, and to have tax 
exposure you have to have profits.” 

Congress is fuelling anxiety; it has so far failed 
to extend the tax credit, which expires at the end 
of the year. Companies are on track to secure as 
much as $8 billion-10 billion in tax-equity deals 
—up from $5.2 billion in 2007 — assuming 
they can find the investors. The tax legislation 
would extend the credit for wind by one year and 
solar developers would receive an eight-year 
extension of a separate investment tax credit. 

Most expect that the credit will ultimately be 
extended, even if it is allowed to lapse, but Zindler 
says that companies are nonetheless rushing 
to get their deals done now. Forays into carbon 
markets could become more difficult across the 
board as banking institutions curb their appetite 
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sampling in 2003 and 2004 (N. Shakhova and 
I. Semiletov J. Mar. Sys. 66, 227-243; 2007). 
At one ice-covered site in the mere 50-metre 
shelf water, they detected methane bubbling at 
the surface, indicating that at least some of the 
gas released at the seabed is escaping into the 
atmosphere before being consumed by bacte- 
ria in the water column. 

Geologists think that billions of tonnes of 
methane lie beneath the sub-sea permafrost 
in some parts of the shallow Siberian shelf, 
although estimates vary widely. The hydrocar- 
bon — trapped there either as a gas, or bound 
in solid ice-like structures called 


methane hydrates — is a remnant “The risk is real, 
but there's no 


reason to panic.” 


from the last ice age when the sea 
level was about 100 metres lower. 
The big fear is that the methane 
could escape as a result of the permafrost 
becoming porous, possibly from an increased 
influx of freshwater from the relatively warm 
Lena River. 

“The risk is real,” says Hans- Wolfgang 
Hubberten, a permafrost expert at the Alfred 
Wegener Institute of Polar and Marine 
Research in Potsdam, Germany. “But there's no 
reason to panic. Claims that gas hydrates are on 
the brink of dissociating in a big way should be 
taken with a large pinch of salt.” 

Thermal modelling suggests that the 
marine permafrost in the region is relatively 
stable. However, drillings conducted in 2005 
revealed that the permafrost may have slightly 
warmed and thinned (V. Rachold et al. Eos 88, 
149-156; 2007). Even so, says Hubberten, it is 


likely that the observed emissions come from 
‘new methane produced by increased bacte- 
rial activity in thawing soil, rather than from 
degradation of ancient gas hydrates. 

Methane, air and water samples taken by 
both teams will now be sent to isotope labs 
in the Netherlands and the United Kingdom 
to help determine the source of the methane. 
Geochemical analysis should also show how 
much of the gas escapes to the atmosphere, 
says Westbrook. “The new findings will be 
useful in helping us assess the history of cli- 
mate change in the region, and how the meth- 
ane reservoirs responded to past 
temperature changes.” 

Globally, atmospheric methane 
concentrations increased by 
7.5 parts per billion to nearly 1,800 
parts per billion during 2007 after almost zero 
growth since 1999. The upward trend is likely 
to continue this year, says Ed Dlugokencky, 
who oversees the methane database run by 
the National Oceanographic and Atmospheric 
Administration (NOAA) in Boulder, Colo- 
rado. “Our data suggest increased emissions 
in the Arctic and the tropics,” he says. “Both 
regions were apparently warmer and wetter 
than average.” 

Data collected by NOAA at remote sites are 
usually at least 6 weeks out of date. And NOAA 
measurement network in the Arctic is not dense 
enough to tell if increased methane emissions 
come from wetlands, permafrost or from gas 
hydrates on the continental shelves. ce 
Quirin Schiermeier 
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for risk. In particular, says Abyd 
Karmali, global head of carbon 
emissions at Merrill Lynch in 
London, the development of 
pilot projects using carbon 
trading to curb deforestation 
could get more difficult — at 
least until an international policy 
is put in place to guide such 
investments. Merrill Lynch, 
which is expected to merge with 
the Bank of America as a result 
of the ongoing crisis, is already 
developing one such project in 
Indonesia. 

Harvard University economist 
Robert Stavins says that the financial crisis 
will probably have an impact on the voluntary 
carbon markets, especially if the economy dives 
into recession. But regulated markets, such as 
Europe's carbon trading scheme, will be fine, 
he says. “Compliance activity by business is 
immune to business cycles.” 

Some fear a prolonged economic crisis could 


make it harder for the United 
States to enact global-warming 
legislation owing to concerns 
about even higher energy 
prices to come. David Victor, 
an energy policy expert at 
Stanford University in Palo Alto, 
California, says the danger is 
real: people who are short on 
cashare less willing to spend 
money on dealing with 

distant threats such as global 
warming. 

But Victor believes the 
fundamental drivers behind 
the renewed interest in clean 
energy — high oil prices and concerns about 
global warming — will remain. “We still have a 
whole bunch of renewable-energy technologies 
that are improving their performance,” he says. 
“It's highly likely that people will find capital for 
these projects.” |] 
Jeff Tollefson 
See Editorial, page 565. 
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( | STING STORY 

| Jellyfish's chemical attack 

| bequeathed by bacteria. 
www.nature.com/news 


Ancient water sites for next rover 


The next Mars rover could end up down in the 
delta if a group of geologists and astrobiologists 
get their way. 

The Mars science community has ranked 
a landing site called Eberswalde Crater as the 
most tantalizing destination for the Mars Sci- 
ence Laboratory (MSL), the US$2-billion rover 
that is due to launch in 2009. The crater seems 
to contain the remnants ofa meandering river 
that spilled into a lake more than 3 billion years 
ago and piled up delta sediments — a prime 
target for MSLs instruments and their search 
for past or current microbial life. “If you go to 
any lake bed on Earth, that’s where you find 
fossils,” says James Rice, an astrogeologist at 
Arizona State University in Tempe who is a 
chief advocate for the site. 

Scientists met last week to evaluate seven 
favoured sites (see ‘Experts’ shortlist’) at a 
workshop in Monrovia, California. At the end 
of the meeting 104 paper ballots were cast, 
based only the scientific potential of each site 
— graded in 11 cate- 
gories including the 
diversity of minerals 
likely to be present 
and the potential of 
the site to preserve 
evidence of life. At a 
meeting in Novem- 
ber, the engineering 
team will rate the sites 
technically, compar- 
ing the risks of land- 
ing the 900-kilogram 
rover within 20-by- 
25-kilometre ellipses 
and driving it to the 
most interesting spots 
within a Martian year 
— nearly two Earth 
years — of operation. 

Engineers are wor- 


The two top-ranked destinations for the next Mars rover are craters thought 
to contain ancient bodies of water. Eberswalde Crater, left, contains an 
ancient river delta, and the walls of Holden Crater, above, were breached by 
a flood that filled a lake in the centre. 


Elevation (m) 
1325 perhaps a million 
years. The Holden 


Crater site lacks a 


i -1550 


ried about Eberswalde 
and the next most highly ranked site, Holden 
Crater, because they sit in more southerly lati- 
tudes of Mars. The rover will use a lubricant 
that might not work as well during winter tem- 
peratures at those latitudes. 

But Rice and others are optimistic about the 
Eberswalde site’s chances — it’s made quite a 
comeback after almost being knocked out of 
consideration at a workshop last year. Rice 
says the site shows clear signs of ancient river 
channels, some 100 metres wide, that emptied 
into a lake 150 metres deep over a period of 


delta but contains 
eroded sections of a lake bed that the rover 
could access more quickly than the delta at 
Eberswalde, says John Grant, of the Smithso- 
nian Institute in Washington DC, who is co- 
chair of the landing site steering committee. 
Grant, an advocate for Holden Crater, says its 
walls were later breached by a massive flood 
that added to the volume of the lake. 

But one of the two top sites will probably face 
elimination at the next meeting because of the 
concerns over their similar southerly latitude, 
says Grant. After a workshop next April, the 
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committee will present recommendations to 
NASA science chief Edward Weiler, who will 
make the final decision on the target for the 
autumn 2009 launch. | 
Eric Hand 

More images at http://tinyurl.com/4vIx98. 


Experts’ shortlist 


1 Eberswalde Crater 

2 Holden Crater 

3 Gale Crater 

4 Mawrth Vallis 

5 Nili Fossae Trough 

6 South Meridiani Planum 
7 Miyamoto Crater 
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Yd 
OBAMA v. MCCAIN 
Read our election 
coverage online. 
www.nature.com/news 


Teams merge for dark-energy mission 


A competition between groups hoping to 
design a space telescope to investigate how 
the Universe is expanding over time has been 
scrapped by NASA and the US Department of 
Energy (DoE). 

Instead, the agencies are pursuing a govern- 
ment-built, government-led design for the 
Joint Dark Energy Mission (JDEM), which 
may accommodate elements from all three 
of the teams. “It’s a do-over for all of us,” says 
Michael Levi, who is co-principal investigator 
for the Supernova Acceleration Probe (SNAP), 
a team that, he says, all of a sudden doesn't 
really exist any more. 

NASA had been giving money to SNAP and 
two other groups, called the Advanced Dark 
Energy Physics Telescope (ADEPT) and the 
Dark Energy Space Telescope (Destiny). Each 
team was pursuing a proprietary telescope 
design, emphasizing different methods (see 
‘The telescope teams’) for seeking constraints 
on the mysterious energy that is thought to be 
accelerating the expansion of the Universe. The 
mission is pegged for launch in 2015. 

However, on 12 September, NASA and the 
DoE announced they will develop a common 
“reference design” that would not preclude 
any of the three methods. The design will be 
worked out by a new programme office opened 
at Goddard Space Flight Center in Greenbelt, 
Maryland, and a science coordination group of 
12-20 people. The membership could be 


The telescope teams 


Three main teams designed space 
telescopes to measure how the 
Universe's expansion rate has 
changed over time, by performing 
surveys of objects from early in 
its history. Surveys require wide 
fields of view, and the need to 
look far back in time means that 
the telescopes would have to see 
infrared, the light with which the 
most distant and early objects 
glow. Both tasks are difficult from 


Supernovae offer clues to the expanding Universe. 


decided by 3 October, according to NASA 
astrophysics division chief Jon Morse, who says 
that there were 50 applicants in total, some com- 
ing from all three teams. Neil Gehrels, princi- 
pal investigator for the Swift Gamma Ray Burst 
Explorer at Goddard, will chair the group. 
The decision took many by surprise. “I’m 
concerned,’ says Chuck Bennett, principal 
investigator for the ADEPT team at Johns 
Hopkins University in Baltimore, Maryland. 
“Three teams did a lot of work for a long time. 
I'm worried that hitting the reset button and 
starting again is going to set things back.” 
NASA has removed mention of the 
competition between the three projects from 
its websites; just weeks ago, it discussed 


deciding between the telescopes in 2009. 

It's not necessarily a bad move by the agen- 
cies, says Robert Cahn of Lawrence Berkeley 
National Laboratory in California, who was 
part of a task force convened in 2005 to examine 
the dark-energy question. The JOEM may have 
become too big and costly to have been man- 
aged well by the relatively small teams, but now 
NASA can adopt the best ideas from each, he 
says. “In some sense NASA seems to have made 
up its mind that it wants to do all three meth- 
ods,’ he says. “It’s certainly not working the way 
we expected but it might work out well” 

Although the decision eliminates tension 
between the competing teams — all three pre- 
sume they will share aspects of their once-secret 
designs for the science coordination group — 
there is still tension between what the scientists 
want to do, and how much NASA and the DoE 
say they can afford. A 2007 National Academies 
report that endorsed the JDEM estimated that 
the three designs would cost more than US$1.3 
billion in total. But Morse has said that he can 
afford only a $600-million mission, not includ- 
ing launch costs. The DoE has said it wants to 
pay about 25% of the overall costs. Eleven of the 
academy report's authors complained to NASA 
and the DoE in May that the science they envi- 
sioned the JDEM doing would not be possible at 
half the cost. “Wishful thinking does not engi- 
neer successful spacecraft,’ they wrote. | 
Eric Hand 


Earth. The teams emphasized 
different targets and techniques: 


Supernovae 

Dark energy was discovered in 
1998 by using the assumption 
that all supernovae ina class 
shine with the same luminosity, 
which allows astronomers to 
calculate their distance from 
Earth more precisely. It was found 


that more distant supernovae 
were receding more quickly 
than had been expected. The 
Supernova Acceleration Probe 
team initially emphasized this 
technique, although it later 
adopted all three methods. 


Weak gravitational lensing 
A high-resolution picture of 
distant galaxies can reveal 


tiny distortions in their shapes 
caused by the ‘lensing’ of 
intervening dark matter. The 
uneven distribution of this 
matter, and how it changed 

with cosmological time, would 
be a proxy for how dark energy 
influenced the Universe's growth. 
The Dark Energy Space Telescope 
team emphasized a blend of 
lensing and supernovae. 
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Baryonic acoustic oscillations 
Sound waves soon after the 

Big Bang created ripples in 

the distribution of galaxies. By 
comparing the ripples from galaxy 
clusters in the early Universe with 
ripples in later clusters, astronomers 
can deduce the effect of dark energy 
over time. The Advanced Dark 
Energy Physics Telescope team 
emphasized this approach. E.H. 
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Ultrasmooth mirror could 


herald birth of anew 
microscope. 


www.nature.com/news 


SNAPSHOT 


How do you like your coffee? 


This floating fractal (top, left) is formed 90 seconds 
after a drop of instant coffee falls into a cup of milk. 

Coffee is heavier than milk and the battle between 
gravity and surface tension plays out at the boundary 
between the two liquids. The coffee falls vertically 
through the milk (bottom, left, with water replacing 
milk for ease of viewing), and the fractal pattern 
emerges. 

The pattern constantly shifts as parts of it are sucked 
into the milk, producing a fractal structure with the 
same dimension as a Sierpinski carpet — formed when 
a square is cut into nine identical squares; the central 
square is removed; and the procedure is repeated with 
the remaining eight squares and so on infinitely. 

Michiko Shimokawa and Shonosuke Ohta, fluid 
scientists at Kyushu University in Fukuoka City, Japan, 
say that it is the first time this kind of fractal has been 
shown experimentally (www.arxiv.org/abs/0809.2458), 
and they managed to recreate the process using a 
magnetic liquid instead of coffee (far right). 

Katharine Sanderson 
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World nuclear security 
gets welcome boost 


An international initiative to help 
safeguard nuclear materials worldwide was 
announced on 30 September. The World 
Institute for Nuclear Security plans to do for 
nuclear security what the World Association 
of Nuclear Operators, created in the 
aftermath of the 1986 Chernobyl power- 
plant accident, does for nuclear safety. 

The institute will bring together nuclear 
players, including scientific experts, to 
share sensitive information. Its goal is 
to strengthen accounting, control and 
physical protection of nuclear materials and 
facilities worldwide. The group, to be based 


Better safeguards are planned for nuclear material. 


in Vienna, is the brainchild of the Nuclear 
Threat Initiative group in Washington DC, 
co-chaired by former senator Sam Nunn and 
broadcast mogul Ted Turner. Roger Howsley, 
former director for security at British 
Nuclear Fuels, will be executive director. 


South Africa replaces 
its health minister 


African National Congress member 
Barbara Hogan took over last week as South 
Africa’s health minister. She replaces the 
controversial Manto Tshabalala-Msimang, 
who had sparked international outrage by 
proposing that HIV be treated with garlic 
and beetroot. 

AIDS activists welcomed the 
appointment, made by the government of 
new president Kgalema Motlanthe. Hogan is 
on the advisory board of the Amandla AIDS 
Fund, which provides grants for HIV/AIDS 
prevention and treatment programmes. 

But the South African parliament 
also quietly passed a law that gives the 
minister sweeping authority over the 
approval of new medicines and a remit to 
regulate traditional medicines alongside 
conventional pharmaceuticals. The bill 
created a body — the South African Health 
Products Regulatory Authority — to 


oversee the approval of medicines. 
Crucially, the agency’s chief executive, 
who will be appointed by the health 
minister, will be accountable not to a board, 
as the existing Medicines Control Council 
is, but only to the minister. Critics of the bill 
fear that it may lead to conflicts of interest 
in the public-health system, and that it risks 
diluting the scientific basis behind making 
new treatments available. 
For a longer version of this story, see http:// 
tinyurl.com/4hh928. 


Falcon rocket reaches 
low-Earth orbit 


It was fourth time lucky for Space 
Exploration Technologies and its Falcon 1 
rocket. After a trio of failed flights since 2006, 
the privately funded rocket soared into low- 
Earth orbit from Kwajalein atoll on Omelek 
Island on 28 September. 

SpaceX and its founder, Elon Musk, hope 
that the launch marks the dawn of a new, 
substantially cheaper era of space flight. The 
company estimates that each Falcon-1 launch 
will cost less than US$10 million; existing 
systems can cost up to four times as much. 

Next up are the company’s larger heavy- 
lift rockets. Dubbed Falcon 9 and Falcon 9 
Heavy, these rockets could potentially carry 
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much bigger payloads farther from Earth. 
The first launch for Falcon 9, whose nine 

engines have been successfully fired on the 

ground, is slated for next year. 

For a longer version of this story, see http:// 

tinyurl.com/43gnya. 


Carbon dioxide emissions 
rise to record levels 


Carbon dioxide emissions from fossil fuels 
and cement manufacturing are rising faster 
than the worst-case scenario drawn up by the 
Intergovernmental Panel on Climate Change 
(IPCC). According to the latest worldwide 
carbon budget, released by the Global 
Carbon Project, CO, levels rose by 3.5% a 
year between 2000 and 2007, compared with 
2.7% as calculated by the IPCC. During the 
1990s, emissions rose at 0.9% a year. 

“For a decade we've been using the [IPCC] 
middle-ground scenario, while we're actually 
in a different realm of emissions,’ says Pep 
Canadell, the project’s executive director. 

China is now the biggest emitter of CO, 
and responsible for 21% of the world’s 
emissions — up from 14% in 2002. This 
knocks the United States into second place, 
contributing 19% of global emissions. India 
is fourth, but looks set to take third place 
from Russia this year. 


China's first spacewalk 


Zhai Zhigang (pictured), the 
commander of the three-person 
Shenzhou VII spacecraft, has become 
the first Chinese astronaut, or 
‘taikonaut'’, to spacewalk. Zhai spent 
13 minutes outside the orbital module 
on 27 September. 

A fire alarm went off while he was 
conducting the spacewalk, but it turned 
out to be due to a faulty sensor. Zhai 
retrieved a rack containing lubricant 
samples from outside the spacecraft. 

The mission landed in Mongolia on 
28 September. 


US Congress approves 
funding bill for science 


Most US science agencies will see their 
budgets frozen at 2008 levels under a massive 
$630-billion spending bill that was passed by 
Congress on 27 September. The ‘continuing 
resolution keeps the government operating 
until March 2009, when a new president and 
new Congress will tackle funding priorities. 

A few agencies did get new dollars for 2009. 
Science and technology funding within the 
Department of Defense, for instance, rose 7%, 
and research and development funding at the 


REUTERS 


Department of Homeland Security rose 9%. 
The bill also provides NASA with 
permission to buy flights on Soyuz spacecraft 
from Russia until 2016, in order to ferry 
astronauts and cargo to the International 
Space Station after the space shuttle is retired. 


Corrections 

In the News Feature ‘The fate of fingers’ (Nature 
455, 160-164; 2008), we misspelled the name 
of Matthew Porteus of the University of Texas: 
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much bigger payloads farther from Earth. 
The first launch for Falcon 9, whose nine 

engines have been successfully fired on the 

ground, is slated for next year. 

For a longer version of this story, see http:// 

tinyurl.com/43gnya. 
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The Pentagon's culture wars 


What began several years ago as an attempt to recruit social scientists to help the military has 
sparked a broader debate about militarizing academia. Sharon Weinberger reports. 


tis a story that repeats with grim monot- 

ony: US forces in Iraq detain a suspected 

insurgent after they find in his home what 

they think is jihadist literature and an ille- 
gal weapon. These detentions — often based 
on mistaken assumptions or poor intelligence 
— can easily escalate into major conflicts with 
the local community. 

But in one recent case, researchers helped 
defuse a potential conflict. Analysts work- 
ing for a ‘human-terrain team’ informed a 
US commander that the ‘jihadist’ literature 
discovered in the village of Banat al Hassan, 
about 30 kilometres northwest of Baghdad, 
was ordinary religious teaching material, and 
the weapon — a riflescope — was for a pellet 
gun that beekeepers in the area use for shoot- 
ing birds. The suspect was promptly released, 
and his family ended up helping US forces by 
revealing the location of a large improvised 
explosive device. 

This upbeat anecdote is “a story about how 
a little respect, culture and compassion can 
save human life’, says Montgomery McFate, 


an anthropologist at the Institute for Defense 
Analyses in Alexandria, Virginia, and senior 
adviser to the Pentagon’s human-terrain pro- 
gramme. But it also underscores some of the 
complexities and controversies surrounding 
the Pentagon's quest for ‘cultural knowledge. 
What if, for example, the literature had indeed 
been jihadist literature? Would the human-ter- 
rain teams, which include civilian social sci- 
entists, then be helping the military to target 
insurgents? 

Last year, the Pentagon provided almost 
$60 million for the Human Terrain System, a 
Department of Defense programme that rep- 
resents the latest incarnation of the military's 
long, troubled relationship with social sci- 
ence (see ‘Lessons from the past; overleaf). It 
includes deployed teams that directly advise 
military commanders in the field, specialized 
software for cultural ‘mapping’ plus person- 
nel based in the United States conducting 
research. According to official figures provided 
by the army, there are now sixteen five-person 
Human Terrain Teams (HTTs) deployed in Iraq 
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and five in Afghanistan, along with about 40 
people in ‘research reachback cells’ in the 
United States. The teams are supposed to 
provide deployed military forces with “direct 
social-science support in the form of ethno- 
graphic and social research, cultural informa- 
tion research, and social data analysis”. 

But the effort is not without its problems; two 
social scientists have been killed in the field, 
one in Afghanistan and one in Iraq. And critics 
fear that this sort of work poses ethical prob- 
lems, particularly if it’s telling the military who 
is, or isn't, a potential enemy. Last November, 
the executive board of the American Anthro- 
pological Association (AAA) condemned the 
effort, saying it “creates conditions which are 
likely to place anthropologists in positions in 
which their work will be in violation of the 
AAA code of ethics’, as well as endanger other 
anthropologists by bringing suspicion on their 
activities. The association is also proposing 
changes to its rules of ethics that would tighten 
restrictions on secret research. 

Beyond the AAA, a number of researchers 
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in 2007 founded the Network 
of Concerned Anthropologists, 
which asks colleagues to sign 
a pledge committing them to 
“refrain from directly assisting 
the US military in combat, be it 
through torture, interrogation, 
or tactical advice”. Though there 
hasn't been any known case of 
that happening with the HTTs, 
historical precedents exist. Dur- 
ing the Second World War, for 
instance, anthropologists helped 
raise guerilla armies, passed 
information used to plan bomb- 
ing raids and theorized about 
race-specific bioweapons. 

Critics say the current work 
flies in the face of everything 
anthropology represents, from 
transparency of research to 
informed consent (for example, 
the social scientists on the HT Ts 
do not submit their research to 
an institutional review board, as would be nor- 
mally required for human research). “I don't 
think there’s a place for embedded anthro- 
pologists with combat missions,’ says Roberto 
Gonzalez, an anthropologist at the University 
of California, Berkeley, who is working on a 
book about the Human Terrain System. “It runs 
completely counter to anthropology’s ethical 
framework, something that’s come about over 
a long, bitter period that goes back to the First 
World War” 


McFate 


Militarizing anthropology? 

McFate has emerged as the most public face 
of the Pentagon's military anthropology work. 
She got her PhD in anthropology from Yale 
University, focusing on the British counter- 
insurgency in Northern Ireland, and by 2005 
she had co-authored an article in a military 
journal outlining a plan for deploying social 
science advisers with troops (M. McFate and 
A. Jackson Military Rev. July/Aug, 18-21; 
2005). For her, the issue is unabashedly about 
moving anthropology toward an applied dis- 
cipline that can aid the military. “Why should 
anthropology be some leftist religion?” she 
asks. “I mean, it’s supposed to be a science; it’s 
not supposed to bea political platform, a sub- 
stitute for the Peace Corps, or a cult” 

The Pentagon, however, has had a hard 
time recruiting and keeping qualified anthro- 
pologists. Of 35 social scientists based in Iraq 
and Afghanistan, only about half have PhDs, 
and only seven of those deployed are anthro- 
pologists. One social scientist hired to work 
ona HTT was identified during screening 
as a convicted criminal (and dismissed prior 
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“Why should 
anthropology 
be some leftist 
religion? | mean, 
it's supposed to 
bea science." 

— Montgomery 


to deployment), another was 
found medically unfit, two were 
let go because of security clear- 
ance issues, and two were fired 
for performance issues. The 
company responsible for hiring 
the researchers is BAE Systems, 
amajor Pentagon contractor, and 
some have criticized its focus on 
recruiting through intelligence 
and military-focused websites, 
as opposed to academic venues. 

One of those fired was Zenia 
Helbig, a PhD candidate in reli- 
gious studies, who says she was 
let go by BAE after a joking com- 
ment she made over drinks with 
colleagues about switching sides 
ifthe United States attacked Iran. 
Helbig, who travelled to Iran as 
a graduate student, had even 
met Iranian President Mah- 
moud Ahmadinejad. Now back 
at the University of Virginia, in 
Charlottesville, to complete her degree, Helbig 
describes a programme in disarray, in which 
social scientists — few of whom have regional 
or linguistic expertise — sat around for weeks 
at Fort Leavenworth in Kansas, with little in the 
way of region-specific training. 

Matt Tompkins, Helbig’s fiancé and another 
human-terrain participant, describes other 
problems. Asa PhD student in political science 
with a military background, he was assigned as 
a team leader in Baghdad; but the social scien- 
tist on his team had no relevant field-research 
experience, he says, and their de facto transla- 
tor was a Moroccan who barely spoke English. 
As for the military commander 
they were supposed to be sup- 
porting, Tomkins says, “I didn’t 
get the inclination that he was 
particularly interested in what 
we were doing” 

McFate disputes the recruit- 
ment problems, although she 
says some academics have told 
her they fear being blackballed 
professionally if they work for 
the programme. Other support- 
ers note that experiences of dif- 
ferent teams have varied widely. 
Adam Silverman, a political sci- 
entist who works ona HTT out- 
side of Baghdad, says he believes 
such work is valuable. “The pro- 
gramme is new, so it isn't perfect,” 
he says. “It has growing pains.” 

Working from what he 
describes as a mix of “unstruc- 
tured interviews, casual dis- 
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“Anthropology 
will thrive more 
as a discipline 

if the funding 

is not directly 
from the national 
security state.” 

— Hugh Gusterson 


cussions with members of the population, 
academic sources and the Internet’, Silverman 
has provided advice on everything from local 
funeral rites to agriculture. Although he is now 
working on oral histories, he acknowledges that 
his field research has been difficult to conduct. 
“We don't interview anyone per se — we do try 
to talk with anyone who will talk with us,’ he 
says. “I’ve had conversations with fish farmers, 
brickmakers, government officials and tribal 
leaders.” 

However, it is not clear whether academic 
social scientists are even the key feature in suc- 
cessful human-terrain teams. McFate’s story 
about a team defusing the situation in Banat al 
Hassan was confirmed by Major Philip Carl- 
son, who led the team in question. But the rec- 
ommendation to let the man go wasnt from a 
social scientist; it came from Carlson and an 
Iraqi- American analyst. There wasn't even a 
social scientist on that team at the time. 

McFate says that “smart, competent, well- 
trained people on a team” can be successful, as 
in this case, but that social scientists are needed 
to achieve the programme's broader goals. But 
few, if any, definitive numbers exist by which 
to measure the programme's effectiveness. 
Earlier this year, Colonel Martin Schweitzer, 
a military officer working in Afghanistan, 
testified before Congress that HTTs helped 
to reduce the number of operations involving 
military force in his region by 60-70%. Scepti- 
cal of those numbers, David Price, an anthro- 
pologist at Saint Martin’s University in Lacey, 
Washington, filed a Freedom of Information 
Act (FOIA) request to look at the report. Price 
says that what he got back was merely a corre- 
spondence stating the numbers; there was no 
actual report. “When I got my 
FOIA reply I learned that there 
was no study out there substan- 
tiating any of this,’ he says. 

Even with the doubts sur- 
rounding the Human Terrain Sys- 
tem, the Pentagon made another 
foray into the social sciences 
this April when Defense Secre- 
tary Robert Gates announced 
a broader military initiative. 
Called Project Minerva, it would 
fund work at universities that do 
research ranging from looking 
at Chinese military technology 
to Islamic radicalism. 

Anthropologists critical of the 
Human Terrain System didn’t 
welcome Minerva either. In a 28 
May letter to the White House’s 
Office of Management and 
Budget, the president ofthe AAA 
outlined a number of concerns, 


Lessons from the past 


Inthe 1960s, as the United 
States faced an array of potential 
regional conflicts from southeast 
Asia to Latin America, its army 
began what seemed to bea 
modest project to examine the 
roots and causes of insurgency. 
Project Camelot, as it was called, 
would look at “the feasibility 
of developing a general social- 
systems model that would make 
it possible to predict and influence 
politically significant aspects of 
social change in the developing 
nations of the world”. 

The seemingly innocuous project 
sparked a firestorm of criticism 
after researchers associated with 


Camelot visited Chile, triggering 
media stories that the work was a 
prelude to US military involvement 
in the region. Camelot eventually 
became the most well known of 
the Vietnam-era social-science 
programmes, and has now 
become synonymous with much 
of the work from that time. 

The Pentagon launched a 
number of similar social-science 
projects, setting off a pointed 
debate among anthropologists, 
who criticized the military for 
attempting to subvert social 
research for its own means and 
manipulate foreign cultures. 
Seymour Deitchman, a Pentagon 


official who spearheaded many 
of the efforts, describes the 

rise, fall and backlash against 
these military social-science 
programmes in his 1976 book, The 
Best-Laid Schemes: A Tale of Social 
Research and Bureaucracy. 

In one typical case in the late 
1960s, a research group contacted 
an anthropologist about work it 
wanted to do for the Pentagon in 
the Congo. “The anthropologist 
immediately raised a storm," 
says Deitchman, “writing to 
the American Anthropological 
Association and the press that an 
attempt was being made to enlist 
him in intelligence activities for the 


suppression of Congo tribes in the 
conflict that was then in its final 
stages there.” In fact, the Pentagon 
had never agreed to fund the work. 
Deitchman, who is now retired, 
sees many of the same frictions 
echoed in today's efforts by the 
military to enlist social scientists. 
Although he does note that 
Congress and the secretary of 
defence support the modern 
studies — unlike in the Vietnam 
era — the underlying dynamics 
haven't changed. “The ticking time 
bomb in government support of 
social science research is there,” 
he says, “just under the surface, 
waiting for the trigger.” SW. 


including the notion that having the Pentagon 
run such research creates a “potential conflict 
of interest”. Partly in response, the Pentagon 
forged a relationship with the National Science 
Foundation (NSF), which culminated earlier 
this year in the signing of a formal agreement. 
That, however, created new confusion, as many 
presumed that the foundation was cooperating 
on Minerva. Mark Weiss, director of the NSF's 
behavioural and cognitive sciences division, 
insists that is not the case. “It isa Memoran- 
dum of Understanding that would allow for a 
number of different interactions that... would 
help enhance the flow of information from the 
social and behavioural sciences to the Depart- 
ment of Defense,” he says. 


Shopping for knowledge 

One question concerns who would oversee 
the peer-review process for selecting grantees: 
the defence department or the NSE Thomas 
Mahnken, the deputy assistant secretary of 
defense for policy planning, says that Minerva 
is budgeted for approximately $100 million 
over five years, and that half that money would 
go through the NSE The other half would go 
through the Pentagon, which he insists also 
has a well-tested peer-review process. “The 
two paths are complementary,’ says Mahnken. 
“NSF certainly gives us access to a different 
pool of scholars.” 

Critics of the programme, particularly 
anthropologists, point to a number of pit- 
falls associated with Minerva. One social sci- 
entist who works with the military warns of 
‘ScamTechs’ — firms that are adept at getting 
defence department funding, regardless of the 
subject. And Hugh Gusterson, an anthropolo- 
gist at George Mason University in Fairfax, 
Virginia, notes that a government contractor 


Soldiers of social science? US military meet tribal 
leaders in Ramadi to discuss Iraq's reconstruction. 


recently contacted several colleagues, “shop- 
ping” for an anthropologist so that they could 
bid on Minerva, which requires university 
participation. 

Another concern is that the Pentagon's lar- 
gesse could ultimately shift anthropologists 
away from their traditional role as advocates 
for the people and cultures they study. “Anthro- 
pologists ought to be involved [in the national 
security debate], but my fear is what makes 
anthropology appealing will be undercut 
and deformed if anthropologists are directly 
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answerable to the Pentagon in that conver- 
sation,’ Gusterson says. “Anthropology will 
thrive more as a discipline if the funding is not 
directly from the national security state” 

Both the Pentagon and the NSF downplay 
any concerns that the defence department 
could flood the field with military funding. 
Weiss notes that NSF's total annual budget 
for the behavioural and cognitive division is 
already about $220 million. The Pentagon 
money, he says, is “not going to put us into a 
stratospheric level of funding”. 

Meanwhile, researchers in other countries 
are grappling with some of the same issues. 
Two years ago, Britain's Economic and Social 
Research Council was criticized for circum- 
venting normal open academic competition 
by funding counterterrorism studies. Jeremy 
Keenan, a UK-based anthropologist and North 
Africa expert, says that the UK Foreign Office 
gave itself a respectable academic veneer by 
rerouting money quietly through the council. 
By contrast, “if one looks at the US military 
programme, it’s been very overt,’ he says. 

Other militaries have not yet developed an 
exact equivalent to the Human Terrain System, 
but they do have, on a smaller scale, social 
scientists providing advice to armed forces 
— they work in psychological operations 
units and provide training and education. And 
McFate says that some NATO allies have also 
expressed interest in setting up human-terrain- 
like programmes. 

Whether other countries will be engulfed 
in the same controversy remains to be seen. 
McFate, for her part, puts the criticism down toa 
small but vocal group. “It’s just a very small seg- 
ment of the anthropology community,’ she says 
of the critics. “We're not going to draft them” m 
Sharon Weinberger is a freelance writer. 
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he first time Christine Mummery 

encountered a human heart, she didn't 

like what she saw. The vessels were 

brittle with atherosclerosis and the 
tissue was mottled like a bruise. But the big- 
gest shock was that this diseased heart looked 
so different from that ofa healthy mouse. How 
could she expect the stem-cell therapy she'd 
been testing on rodents to work in this alien- 
looking organ? 

This is the type of thinking that led Mum- 
mery, a stem-cell scientist, to move to a hospital 
in May this year. In the six years since she saw 
the heart, she had become convinced that closer 
ties to clinicians and better access to human 
samples would make her research more appli- 
cable to patients. So she packed up her lab at the 
Hubrecht Institute in Utrecht, the Netherlands, 
and relocated to Leiden University Medical 
Center. “I thought wed be better off in a clini- 
cal environment,’ she says. “It’s so much easier 
if you can speak to clinicians over lunch” 

Viviane Tabar also talks medicine at the 
table. A practicing neurosurgeon at Memorial 
Sloan-Kettering Cancer Center in New York, 
she spends two to three days a week caring for 
patients with brain tumours. But she thinks 
that surgery and the other tools that she has to 
help them aren't enough, so she is investigating 
the cells that might make brain therapies of the 
future. “The patient’s perspective is often dif- 
ferent from what a scientist might think,” Tabar 
says. “They want to know what a technology 
can do for them on a very practical basis. So 
you learn to think much more pragmatically 
and to ask: would this really be helpful?” 

Both Mummery and Tabar have veered from 
conventional career paths in hopes of making 
stem cells more useful therapeutically. They 
work in different countries and on different dis- 
eases. Mummery is well-established and Tabar 
is still early in her career. Yet both believe that 
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BEING PATIENT 


Cell therapies are as much about the patients as they are about 
the cells. Monya Baker meets two stem-cell scientists who have 
decided to put people first. 


the best way to ensure that stem-cell therapies 
are ‘translated’ into patients is to be as close as 
possible to the patients themselves. “Some sci- 
entists could really benefit from just one or two 
days in the clinic,” says Tabar. 

Patients haven't always been the strong- 
est focus for stem-cell researchers. Getting 
enough of the right cells to transplant was seen 
as the biggest stumbling block. That is chang- 
ing with the derivation of human embryonic 
stem-cell lines, along with new techniques to 
make induced pluripotent stem (iPS) cells from 
patient skin biopsies. Researchers can now gen- 
erate potentially limitless supplies of cells and 
use improved methods to grow them into the 
specialized types they want. The possibilities 
of human trials are edging nearer, and another 
problem is moving into focus: healing poten- 
tial depends not just on the cells going into a 
patient, but on what they'll encounter inside. 

Transplanted cells will be going into dis- 
eased bodies, says Marie Csete, scientific direc- 
tor of the California Institute for Regenerative 
Medicine (CIRM) in San Francisco, and it is 
the body as much as the cells that needs to 
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be studied if researchers hope to “predict cell 
behaviour when we put them into a distinctly 
pathological environment”. But few people are 
well versed with both stem cells and patients. 
“We've had a crisis in embodying someone who 
really understands clinical medicine and who 
really understands basic science in one person,’ 
says Csete. There is no question that the field 
needs more people like Mummery and Tabar to 
chart a course between an interesting concept 
and ready-to-test therapy, says Fred Gage, who 
studies neural stem cells at the Salk Institute for 
Biological Studies in San Diego, California. 

Mummery conveys a sense of purpose. She 
is tall, sometimes wears her short hair spiked 
up, and her speech and movements are brisk. 
She trained as a physicist at the University of 
Nottingham, UK, and when Mummery later 
moved into biology she thought that its prac- 
titioners should “measure something rather 
than just look”. 

Mummery’s quantitative approach has shown 
that, in some cases, stem-cell therapy may not 
live up to its initial promise even in animals. Asa 
postdoc at the Hubrecht Institute she developed 
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Christine Mummery (opposite) works with cells for heart repair; Vivian Tabar (above left, with 
research technician Jayanthi Menon) studies cell therapy in the brain. 


culturing techniques that induce embryonic 
stem cells to generate plentiful cardiomyocytes, 
the muscle cells that power the heart. But her 
later work has highlighted how difficult it could 
be to use these cells therapeutically. 

A common way to track cells transplanted 
into a mouse, for example, is to engineer them 
to express a green fluorescent protein and then 
look for the tell-tale signal. But Mummery dis- 
covered that scar tissue within the heart also 
emits green fluorescence under certain condi- 
tions, and posited that at least some transplan- 
tation studies were mistaking scar tissue for 
successful engraftment'. She has also shown 
that cell-therapy results can be frustratingly 
short-lived. Other researchers showed that one 
month after derived cardiomyocytes are trans- 
fused into injured mouse hearts, the hearts 
pump significantly more blood’. Mummery 
showed that the effects disappear after three 
months’. “What her work has uncovered is 
that we need to pay attention to graft survival, 
appropriate alignment, and integration,” says 
Ken Chien, a cardiologist and stem-cell biolo- 
gist at Massachusetts General Hospital, Boston, 
who has collaborated with Mummery. 

Around the time she glimpsed her first 
human heart in 2002, Mummery began to 
question the relevance of her work to humans. 
She realized that the way her lab was simulating 
heart attacks in healthy mice was a poor mimic 
for the real thing. As soon as a heart attack 
is diagnosed, heart surgeons work quickly to 
place stents in blocked vessels, opening them 
up again to allow oxygenated blood to perfuse 
the tissue. In mice, Mummery’s group tied off 
blood vessels permanently (partly to comply 
with animal husbandry laws), making for 


simpler, cleaner wounds. She recalls her 
discouragement: “You're already a year and 
hundreds of mice down the line, and the car- 
diologist would say ‘that’s not really it.” 
Mummery was also becoming aware that 
clinicians are less concerned about the heart 
attack itself, and more about the ensuing heart 
failure. “I felt we needed to know more about 
the most relevant clinical problems,” she says. 
She received recruitment offers from various 
institutions, including Harvard University. But 
in August 2007, she was offered the position at 
the hospital in Leiden — and 
she took it. 


Converging paths 

Whereas Mummery has gone 

from basic research to medi- 

cine, Tabar has been diverted 

from medicine to the lab. In 

1995, as a third-year neuro- 

surgery resident at Memorial Sloan-Ketter- 
ing, she found herself intrigued by a talk given 
by Ron McKay from the National Institute of 
Neurological Disorders and Stroke in Bethesda, 
Maryland, describing evidence for neural stem 
cells. “I had been taught that the brain is a post- 
mitotic organ; that everything dies and nothing 
regenerates,’ she says. “And his work was saying 
‘maybe not” Her clinical programme required 
a year of research, and she went to McKay’s lab 
to study how to coax embryonic stem cells into 
forming dopaminergic neurons, the kind that 
die in Parkinson's disease. 

Tabar finished her medical training and in 
2002 she joined the medical faculty at Memo- 
rial Sloan-Kettering, where she specializes in 
brain cancers. But while seeing patients, she 
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also took a postdoctoral fellowship in the 
laboratory of her husband, stem-cell biologist 
Lorenz Studer. The two had met collaborat- 
ing on experiments in McKay’s lab, and when 
Tabar went to complete her training, Studer 
established a lab at Sloan-Kettering studying 
how embryonic stem cells can create different 
sorts of neural cells in culture. Tabar wanted to 
develop animal models to test whether neurons 
differentiated from embryonic stem cells could 
restore function, and she wanted her own lab to 
do so. She established this in 2005. 

Researchers sometimes worry that clinicians 
will rush to act on preliminary results: “Some 
clinicians want to try an idea tomorrow, rather 
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York, and her questioning the treatment impli- 

cations of a recent paper on 
glioblastoma. “Within five 
minutes, we were in another 
room, looking at patient 
records, talking about spe- 
cific cases.” It is precisely 
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both sides of the aisle” that 
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tise of colleagues at the RIKEN Center for 
Developmental Biology in Kobe, Japan, they 
used therapeutic cloning to create embryonic 
stem-cell lines from 24 mice, differentiated 


587 


V. TABAR ETAL. NATURE MED. 14, 379-381 (2008) 


NEWS FEATURE 


these into dopamine-producing neurons, and 
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rather than the simple histo- 
logical or radiographic repair 
of the brain” 
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“We've had a crisis 
finding someone 
who understands 
clinical medicine 
and basic science.” 
— Marie Csete 


mr @ 


questions that are relevant to therapy. 


Viviane Tabar (facing right, centre of picture) says treating patients helps her to ask research 


in almost every biomedical discipline are 
struggling to translate basic results into ones 
that can benefit patients. Stem-cell research- 
ers are under particular pressure though. They 
must justify the massive investment made in 
them by funding agencies, philanthropies, and 
patients, such as the US$3 billion of California 
taxpayer's money distributed by the CIRM. 
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pluripotent stem cells have been approved for 
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Food and Drug Administration halted plans 
by Californian biotech company Geron for 
the first trial in human patients of cells derived 
from embryonic stem cells. The risks for such 
therapies are almost impossible to assess, but 
the worry is that even a differentiated cell prod- 
uct could be unpredictable when administered 
to a patient, and might proliferate or transform 
into unwanted tissues. 

Csete says that the best approach to trans- 
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and this has enabled her to try 
a new line of research: compar- 
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cells. She had good collaborations in hospitals 
before, she says, but people seem more willing 
to help colleagues within a hospital than at an 
unrelated institution. Mummery also benefits 
from the clinicians’ established procedures 
for gathering informed consent for tissue 
collection. 

Mummery is using the human samples 
to work out which molecular markers are 
expressed when and where in developing 
hearts, and she has already found that rodents 
can sometimes lead scientists astray. In the 
mouse embryo, cardiac cells express distinct 
markers depending on whether they will form 
the atrial chambers that receive blood or the 
ventricular chambers that pump it out. But 
when Mummery’s team probed human fetal 
tissue, they found that human ventricular 
cells — the type that weaken in heart failure 
and that cell therapy might replace — actually 
express the markers used to identify mouse 
atrial cells. “That made me realize that we 
are trying to make heart cells from human 
embryonic stem cells without really knowing 
what the cells are.” 

Even as she has moved closer to the clinicians 
who could do cell transplants, Mummery now 
feels that the timelines for those transplants are 
lengthening. She no longer thinks that pursu- 
ing cell transplants is the most productive use 
of her time. Instead, she is using them to screen 
for drugs that can change how the cells beat 
in vitro, in order to understand the cause and 
control of cardiac arrhythmias. 

The patients are just next door, but Mum- 
mery is a bit less intent on putting cells into 
them. For now, she’s decided, there is plenty 
that the cells can teach her ina dish. a 
Monya Baker is the editor of Nature Reports 
Stem Cells. 
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Don't release other 
people's data without 
their consent 


SIR — lam astounded by 
the audacity of someone 
photographing the presentation 
of another researcher and then 
publishing their data without 
the presenter’s permission 
(‘Physicists aflutter about data 
photographed at conference’ 
Nature 455, 7; 2008). In what 
scientific forum, other than 
apparently the arXiv.org preprint 
server, is that permissible 
practice? 

The implication in your 
News story that videorecording 
conference proceedings somehow 
justifies this unfortunate incident 
is misleading. The point is not 
that data are recorded through a 
particular medium. We all take 
notes at meetings in some form, 
whether physical or mental, 
and who hasn't had their poster 
transcribed nearly verbatim? 
Rather, the issue is whether the 
information is released in a fair 
and representative manner. 

Although, as you note, 
videotaping conference 
proceedings is common in 
biology, we operate under an 
implicit, and often explicit, ethic 
that data presented at meetings 
are personal communications. 
As such, publication of personal 
communications by a second 
party requires formal approval 
from the originating researchers. 
This practice strikes a balance 
between the public good that 
arises from collegial sharing 
of preliminary results and 
preservation of investigators’ 
rights to ownership of their 
intellectual work. Therefore, 
except under exceptional 
circumstances, scientists ought 
to obtain permission to cite the 
unpublished works of others. 
Sometimes investigators may 
unfairly withhold data that 
are so critical that they justify 
overlooking what is the norm in 
most academic communities. But 
any such putatively exceptional 
case of data release should 


require unequivocal justification. 
Ethics aside, what exactly 
was the purpose of reporting 
incompletely vetted, possibly 
erroneous experimental results? 
Can the group who released 
the data provide assurance that 
the information gleaned during 
the presentation adequately 
represents the original data in 
all its potential complexity? 
If not, there seems to be little 
justification for, or value in, 
usurping the intellectual rights 
of the group that originally 
generated and presented the 
results. And it is doubtful whether 
all those who contributed to the 
project received proper credit. 
This case violates the spirit of 
collegiality that most scientists 
hold as an ideal in our public 
discourse. We all accept that 
others may scoop our work. We 
should not have to worry about 
being scooped by our own data. 
Daniel N. Frank Molecular, Cellular and 
Developmental Biology, Mucosal and 
Vaccine Research Program Colorado, 
University of Colorado-Boulder, 
Boulder, Colorado 80309, USA 
e-mail: daniel.frank@colorado.edu 


Further reflections on 
how we interpret the 
actions of others 


SIR — In their Essay ‘Behind 
the looking-glass’ (Nature 
454, 167-168; 2008), Antonio 
Damasio and Kaspar Meyer 


suggest how mirror neurons 
might work. But they need to 
reflect on other aspects of the 
mirror phenomenon to complete 
the picture. 

Mirror neurons are known 
for their intriguing property of 
discharging when a particular 
motor act is either being 
performed or being observed. 
Damasio and Meyer describe 
them as neural ensembles in 
higher-order association areas 
called CDZs (for ‘convergence- 
divergence zones’) that collect 
information from specific sensory 
areas and signal back to those 
areas. Action understanding (as 
in the authors’ example of hearing 
a peanut being cracked) depends 
on activation of this network. 

The CDZ model attempts 
to explain the mechanism 
underlying action understanding. 
But it overlooks a fundamental 
feature of the mirror mechanism: 
that is, the capacity to transform 
sensory information into a motor 
format — why should we have a 
copy of the actions of others in 
our motor system? 

We can certainly recognize 
biological actions using sensory 
information and performing the 
kind of processing suggested 
by the CDZ model. But mirror 
neurons indicate that we must 
also have another mechanism for 
understanding another's actions. 
That mechanism directly maps 
sensory information on cortical 
motor neurons, providing the 
observer with an immediate 
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representation of the motor acts 
being performed by others. There 
is no need for a higher-order 
association, as the CDZ model 
requires. 

This, of course, does not 
imply that mirror neurons alone 
‘understand’ the actions of others. 
Such an interpretation of the 
mirror system would go against 
all we know about the complexity 
of cortical organization. The 
point at issue is the specific 
contribution of mirror neurons to 
action understanding. Because of 
their motor nature, these neurons 
add a new, personal dimension 
to our capacity for understanding 
others that is based on our own 
motor knowledge and experience. 

So, in spite of its heuristic value, 
the CDZ model underestimates 
the motor aspect of the 
mirror mechanism. It was this 
mechanism that prompted 
the description of action 
understanding as “the result of a 
‘first-person’ process where the 
self feels like an actor, rather than 
a spectator” (M. Jeannerod The 
Cognitive Neuroscience of Action, 
Blackwell, 1997). 
Giacomo Rizzolatti Dipartimento di 
Neuroscienze, Universita di Parma, 
Via Volturno 39, 43100 Parma, Italy 
e-mail: giacomo.rizzolatti@unipr.it 
Corrado Sinigaglia Dipartimento di 
Filosofia, Universita degli Studi di 
Milano, Via Festa del Perdono 7, 
20122 Milano, Italy 


Austria: Academy 
of Sciences states 
its case 


SIR — As president and secretary- 
general of the Austrian Academy 
of Sciences, we wish to clarify 
the academy's position in the 
investigation into the alleged 
scientific misconduct associated 
with the urological clinical trial 
that you discuss in your Editorial 
‘Scandalous behaviour’ (Nature 
454, 917-918; 2008). Contrary to 
your implications, the academy 
is committed to help in the 
resolution of this case. 

You note that the academy put 
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requires. 
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their motor nature, these neurons 
add a new, personal dimension 
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others that is based on our own 
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its case 


SIR — As president and secretary- 
general of the Austrian Academy 
of Sciences, we wish to clarify 
the academy's position in the 
investigation into the alleged 
scientific misconduct associated 
with the urological clinical trial 
that you discuss in your Editorial 
‘Scandalous behaviour’ (Nature 
454, 917-918; 2008). Contrary to 
your implications, the academy 
is committed to help in the 
resolution of this case. 

You note that the academy put 
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“Social butterflies’ and ‘open skies’ 


are equally important for the 


transmission of HIV." karunesh Tuli, page 594 


its investigation, requested by the 
rector of the Medical University of 
Innsbruck, on hold following the 
announcement by the university 
council that the rector would 
shortly lose his position (which 
has since happened). However, 
the investigations mandated by 
the rector are still under way, 
although no externally visible 
measures have yet been carried 
out. His withdrawal will not 
terminate or otherwise influence 
the investigations. 

The academy has declined 
to make any pronouncement in 
advance of a verdict by a formal 
enquiry because the affair's 
scientific, ethical, legal and 
political issues must all be taken 
into consideration. A premature 
statement would not help to 
clarify the situation and would 
encourage accusations that its 
release was politically motivated. 

We consider that it is of the 
utmost importance for the 
scientific community in Austria 
to investigate the case in an 
impartial and unprejudiced way, 
which will allow us to draw valid 
and independent conclusions. 
Individuals being chosen for the 
investigation will be completely 
independent and selected for their 
high scientific competence and 
moral integrity. 

We therefore strongly reject 
your implication that the Austrian 
Academy of Sciences could be 
directly or indirectly involved in any 
political moves that might promote 
scientific misconduct and corrupt 
the scientific community. 

Peter Schuster, Herwig Friesinger 
Austrian Academy of Sciences, 

Dr Ignaz Seipel-Platz 2, 1010 Vienna, 
Austria 

e-mail: peter.schuster@oeaw.ac.at 


Science journals have 
been slow to make 
themselves audible 


SIR — Podcasting has become 
very popular, mainly as a medium 
for entertainment. But it also 
holds huge potential for the 
visually impaired and others, such 


590 


as dyslexics, who have reading 
difficulties. Simultaneously 
reading and listening to read-aloud 
news articles and scientific papers, 
for example, could increase 
readers’ concentration and 
absorption of information. Such 
audio files would open a new world 
for the blind or partially sighted. 
Software is available that 
translates text from digital files or 
directly from the Internet into a 
listener-friendly audio file, but it 
is expensive. Some freeware has 
built-in ‘read out-loud’ functions, 
but the quality is generally inferior. 
Several newspapers and 
magazines already offer 
subscribers podcasts containing 
complete and navigable issues 
in read-aloud format. But the 
scientific press seems to be 
lagging behind. The Nature 
podcasts are a good start, 
but when shall we be able 
to listen to sections such as 
Research Highlights, News and 
Correspondence as downloadable 
audio? 
Wouter M. J. Achten Division Forest, 
Nature and Landscape, Katholieke 
Universiteit Leuven, Celestijnenlaan 
200E Box 2411, 3001 Leuven, Belgium 
e-mail: wouter.achten@ees.kuleuven.be 


Don't forget people 
and specimens that 
make the database 


SIR — Further to points raised 

in your Feature ‘The future 

of biocuration’ (Nature 455, 
47-50; 2008), an example of the 
inadequate state of biocuration 
is to be found in the large number 
of entries in GenBank listed as 
“unpublished”. In many cases, 

a quick online search of journal 
listings turns up the publication. 
Obviously, the journals and 
GenBank are not communicating 
as well as they ought. 

It's also important not to lose 
sight of the underlying need to 
curate biological specimens and 
materials, a function that needs 
much more support. Biology deals 
with actual organisms, so proper 
curation of voucher specimens 


and reference cultures, or their 
equivalent, is essential to confirm, 
test and build on previous studies. 
There is also a lack of support 
for many of those taking time to 
build up data sets. “I spent lots of 
time online editing a database” 
doesn't get you anywhere ona 
resumé or tenure review, or help 
an unpaid volunteer make a living. 
David Campbell 425 Scientific 
Collections Building, Department of 
Biological Sciences, Biodiversity and 
Systematics, University of Alabama, 
Box 870345, Tuscaloosa, Alabama 
35487-0345, USA 
e-mail: amblema@bama.ua.edu 


Religion and science: 
a guide for 
the ‘perplexed’ 


SIR — There is no need for 
Matthew Cobb and Jerry Coyne 
(Nature 454, 1049; 2008) to be 
“perplexed” by your Editorial 
concerning the funding of science 
and religion (‘Templeton’s legacy’ 
Nature 454, 253-254; 2008). 
As their Correspondence implies, 
the scientific study of religion 
is itself an important topic, 
and the Templeton Foundation 
gives grants for such work, for 
example in the field of cognitive 
psychology and the evolution 
of religious belief. 

There are many reasons 
why the funding of academic 
research in this arena should 
be supported. Far from being 
in “fundamental conflict”, 
history shows that there has 
been aconstant traffic of ideas 
between science and religion, 
which provide complementary 
accounts of the same reality. In 
Stephen Hawking's colourful 
words, religion addresses the 
question “Why does the Universe 
go to all the bother of existing?”. 
Boundary disputes arise when 
science claims too much (as in 
the philosophy of ‘scientism’) 
or when religion encroaches on 
science (as in so-called intelligent 
design, or creationism). 

One pragmatic reason for 
supporting good academic 
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science-religion research is that 
most of the world’s taxpayers, 
who fund science, have religious 
beliefs. Pitting science against 
religion in that context is not a 
smart move for the future of 
science. 

Next year is the bicentenary 
of Darwin's birth and also marks 
150 years since the publication 
of his On the Origin of Species. 

It would be great if atheists, 
agnostics and religious believers 
alike could celebrate Darwin 

as the brilliant biologist he was, 
not as the icon of a particular 
ideology. 

Denis R. Alexander The Faraday 
Institute, St Edmund's College, 
Cambridge CB3 OBN, UK 

e-mail: dra24@hermes.cam.ac.uk 


Religion and science: 
separated by an 
unbridgeable chasm 


SIR — In his Correspondence 
‘Religion: science is partially 
based on faith’ (Nature 455, 
26-27; 2008), Jonathan 
Cowie argues that science and 
religion are more similar than 
often thought, suggesting that 
experimental application of the 
scientific method involves faith. 
However, he is conflating two 
different meanings of ‘faith’. 
Cowie's inherent definition 
of faith pertains to scientists’ 
hopeful expectations that 
experiments will verify their 
(rational) hypotheses, whereas 
the definition relevant to religion 
is belief without evidence. 
Insisting on evidence-based 
beliefs separates science starkly 
from religion. Contrary to Cowie's 
assertion and to the goals of the 
Templeton Foundation, the chasm 
between science and religion is 
fundamentally unbridgeable. 
Peter Wigley School of Pharmacy 
and Medical Sciences, Reid Building, 
University of South Australia, Adelaide, 
South Australia 5000, Australia 
e-mail: peter.wigley@unisa.edu.au 
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built-in ‘read out-loud’ functions, 
but the quality is generally inferior. 
Several newspapers and 
magazines already offer 
subscribers podcasts containing 
complete and navigable issues 
in read-aloud format. But the 
scientific press seems to be 
lagging behind. The Nature 
podcasts are a good start, 
but when shall we be able 
to listen to sections such as 
Research Highlights, News and 
Correspondence as downloadable 
audio? 
Wouter M. J. Achten Division Forest, 
Nature and Landscape, Katholieke 
Universiteit Leuven, Celestijnenlaan 
200E Box 2411, 3001 Leuven, Belgium 
e-mail: wouter.achten@ees.kuleuven.be 


Don't forget people 
and specimens that 
make the database 


SIR — Further to points raised 

in your Feature ‘The future 

of biocuration’ (Nature 455, 
47-50; 2008), an example of the 
inadequate state of biocuration 
is to be found in the large number 
of entries in GenBank listed as 
“unpublished”. In many cases, 

a quick online search of journal 
listings turns up the publication. 
Obviously, the journals and 
GenBank are not communicating 
as well as they ought. 

It's also important not to lose 
sight of the underlying need to 
curate biological specimens and 
materials, a function that needs 
much more support. Biology deals 
with actual organisms, so proper 
curation of voucher specimens 


and reference cultures, or their 
equivalent, is essential to confirm, 
test and build on previous studies. 
There is also a lack of support 
for many of those taking time to 
build up data sets. “I spent lots of 
time online editing a database” 
doesn't get you anywhere ona 
resumé or tenure review, or help 
an unpaid volunteer make a living. 
David Campbell 425 Scientific 
Collections Building, Department of 
Biological Sciences, Biodiversity and 
Systematics, University of Alabama, 
Box 870345, Tuscaloosa, Alabama 
35487-0345, USA 
e-mail: amblema@bama.ua.edu 


Religion and science: 
a guide for 
the ‘perplexed’ 


SIR — There is no need for 
Matthew Cobb and Jerry Coyne 
(Nature 454, 1049; 2008) to be 
“perplexed” by your Editorial 
concerning the funding of science 
and religion (‘Templeton’s legacy’ 
Nature 454, 253-254; 2008). 
As their Correspondence implies, 
the scientific study of religion 
is itself an important topic, 
and the Templeton Foundation 
gives grants for such work, for 
example in the field of cognitive 
psychology and the evolution 
of religious belief. 

There are many reasons 
why the funding of academic 
research in this arena should 
be supported. Far from being 
in “fundamental conflict”, 
history shows that there has 
been aconstant traffic of ideas 
between science and religion, 
which provide complementary 
accounts of the same reality. In 
Stephen Hawking's colourful 
words, religion addresses the 
question “Why does the Universe 
go to all the bother of existing?”. 
Boundary disputes arise when 
science claims too much (as in 
the philosophy of ‘scientism’) 
or when religion encroaches on 
science (as in so-called intelligent 
design, or creationism). 

One pragmatic reason for 
supporting good academic 
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science-religion research is that 
most of the world’s taxpayers, 
who fund science, have religious 
beliefs. Pitting science against 
religion in that context is not a 
smart move for the future of 
science. 

Next year is the bicentenary 
of Darwin's birth and also marks 
150 years since the publication 
of his On the Origin of Species. 

It would be great if atheists, 
agnostics and religious believers 
alike could celebrate Darwin 

as the brilliant biologist he was, 
not as the icon of a particular 
ideology. 

Denis R. Alexander The Faraday 
Institute, St Edmund's College, 
Cambridge CB3 OBN, UK 

e-mail: dra24@hermes.cam.ac.uk 


Religion and science: 
separated by an 
unbridgeable chasm 


SIR — In his Correspondence 
‘Religion: science is partially 
based on faith’ (Nature 455, 
26-27; 2008), Jonathan 
Cowie argues that science and 
religion are more similar than 
often thought, suggesting that 
experimental application of the 
scientific method involves faith. 
However, he is conflating two 
different meanings of ‘faith’. 
Cowie's inherent definition 
of faith pertains to scientists’ 
hopeful expectations that 
experiments will verify their 
(rational) hypotheses, whereas 
the definition relevant to religion 
is belief without evidence. 
Insisting on evidence-based 
beliefs separates science starkly 
from religion. Contrary to Cowie's 
assertion and to the goals of the 
Templeton Foundation, the chasm 
between science and religion is 
fundamentally unbridgeable. 
Peter Wigley School of Pharmacy 
and Medical Sciences, Reid Building, 
University of South Australia, Adelaide, 
South Australia 5000, Australia 
e-mail: peter.wigley@unisa.edu.au 
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HIV immunology needs a new direction 


Researchers need to get past the standard model of vaccine development and focus on how immune 
responses are specifically tailored to retroviruses, argue Ruslan Medzhitov and Dan Littman. 


failures in HIV-vaccine development 

suggest that it is time to rethink the cur- 
rent approach to developing an HIV vaccine. 
Better communication and cooperation is 
needed between vaccinologists, virologists and 
the growing number of researchers studying 
innate immune responses. HIV has evaded the 
attempts of vaccinologists for 25 years partly 
because of the unique characteristics of the 
virus, including its extremely high mutation 
rate, which enables immune evasion, and its 
ability to infect and deplete the major orches- 
trators of the immune response — the CD4* 
T cells. But, in our opinion, there are other 
reasons for failure. 

Although vaccination arguably represents 
biomedical science’s greatest triumph over dis- 
ease, so far the successes can largely be ascribed 
to empirical findings, scattershot approaches 
that have yielded great dividends for scourges 
such as smallpox and polio, but little to speak 
of for others including HIV and malaria. This 
reflects our current, clearly limited, level of 
understanding of the immune system. Specifi- 
cally, the ‘rules’ for making a successful vaccine 
are currently unknown. 

If there is any guiding principle to this for- 
midable task, it is that a vaccine should mimic, 
as much as possible, the immune recognition 
events that happen during a natural infec- 
tion with the same pathogen. These would be 
likely to engage the appropriate mechanisms 
of immune protection. This is why attenu- 
ated pathogens are the most successful vac- 
cines currently available. For HIV, the use of 
attenuated strains is not an option at present. 
We therefore need to under- 
stand how the virus is nor- 


R ait advances in immunology and 


Understanding how cells initially sense and recognize HIV could aid vaccine development (computer art). 


been identified that detect different classes of 
pathogens and trigger activation of adaptive 
immunity by different mechanisms'”. 

Major gaps remain in the understanding of 
how HIV and retroviral infection in general is 
sensed by the innate immune system, and how 
this initial sensing is translated into the activa- 
tion of adaptive immunity. In our view, there 
is currently insufficient effort being devoted to 
addressing these gaps and this is irreconcilable 
with the urgent need for a vaccine. 

Studying HIV is of course complicated by 
its human-specific tropism, which precludes 
many definitive experiments. Although the 
mouse, as a model system, 
is often dismissed as irrel- 
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dramatically in the past dec- 

ade owing to a focus on the innate immune sys- 
tem, a first responder to pathogens that induces 
antimicrobial defence mechanisms and acti- 
vates adaptive immunity. The human immune 
system has to deal with a variety of pathogens, 
ranging from RNA viruses to 30-foot-long 
tapeworms. Naturally, the ways in which these 
intruders are sensed and handled vary. Indeed 
several families of microbial sensors have now 


may recognize features of rep- 
lication that are shared among retroviruses but 
no other classes of viruses. For example, newly 
reverse-transcribed retroviral DNA may acti- 
vate a specialized signalling pathway. Further 
study of the numerous host factors co-opted by 
HIV for its replication’ might provide insight, 
as these may recruit antiviral innate sensors 
that limit viral spread. 
Approaches currently used in HIV vaccine 
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development are largely based on immuno- 
logical paradigms wrought from studies using 
antigen immunizations and infections with 
several model pathogens. These paradigms 
may not apply to retroviral infections. In the 
absence of a basic understanding of how the 
host immune system responds to retroviral 
infection, the approaches tried so far have 
been more or less random, and unsuccessful, 
attempts to see what might work. Most of the 
resources devoted to HIV vaccine develop- 
ment have been spent on such efforts, which 
may remain futile until we gain some under- 
standing of the basic mechanisms of retro- 
viral recognition and induction of adaptive 
immune responses. a 
Ruslan Medzhitov is professor of immunobiology 
at Yale University School of Medicine, 300 Cedar 
Street, New Haven, Connecticut 06520, USA. 
e-mail: ruslan.medzhitov@yale.edu 
Dan Littman is professor of molecular 
immunology and professor of pathology and 
microbiology at New York University School of 
Medicine, 550 First Avenue, New York 10016, USA. 
e-mail: dan.littman@med.nyu.edu 
1. Pichlmair, A. & Reis e Sousa, C. Immunity 27, 370-383 
(2007). 
2. Ishii, K.J., Koyama, S., Nakagawa, A., Coban, C. & Akira, S. 


Cell Host Microbe 3, 352-363 (2008). 
3. Brass, A.L. etal. Science 319, 921-926 (2008). 


Discuss this Commentary online at http://tinyurl. 
com/4683h3. 
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UK physics gets a health check 


The field is healthy, says Bill Wakeham, but scientists need to reclaim the intellectual ownership of 
research at the margins of the discipline such as medical or atmospheric physics. 


Kingdom has been under the spotlight 

in the past year. In 2007, a restructuring 
of the research councils and a government 
budget settlement were perceived by the com- 
munity as being unfavourable to the discipline. 
This prompted a wide review of the health of 
UK physics, looking at its international status, 
funding arrangements, university provision, 
school education, careers and skill supply. I 
was invited by the research councils to chair 
the review panel, drawing on expertise across 
the discipline and from overseas. Our report 
was published on 1 October. 

UK physics is strong but faces important 
challenges. International reviews conducted in 
2000 and 2005 recognized its outputs in terms 
of publications and citations. An analysis based 
on ISI citation data from 1998-2008 places the 
combination of UK physics and space science 
second only to that of the United States. The 
study we commissioned from Leiden Univer- 
sity in the Netherlands showed that despite 
having a lower publication volume than Japan, 
France and Germany, the United Kingdom 
receives a higher citation rate per publication. 

The discipline’s impact on the wider econ- 
omy is also strong. An Institute of Physics 
study calculated that the economic activity of 
physics-based sectors in the United Kingdom 
was £70 billion (US$125 billion) in 2005. These 
include information technology, construction, 
transport and aerospace. Physics graduates also 
find employment in sectors with no obvious 
connection to the subject, notably finance. 

The United Kingdom’s academic physics 
workforce is stable, with 
around 4,000 academic and 
postdoctoral researchers. 
The annual undergraduate 
intake has increased from 
3,415 in 2002/03 to 3,885 in 
2006/07, so the appeal of the subject to a core 
group is clearly robust. Research in the United 
Kingdom has benefited from an 82% increase 
in the overall science and research budget in 
the five years to 2006/07, and physics-research 
funding has increased by 34% during this 
period, in line with the growth of UK gross 
domestic product. 

Despite this superficial picture of sta- 
bility, physics in the United Kingdom has 
seen significant changes during the past 20 
years, with a number of departments closing 


Prins research funding in the United 
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"95% of physics-related 
funding is spent in non- 
physics departments.” 


| 


Bill Wakeham: undoing the merger of research 
councils would be rash. 


or merging. Factors driving this change 
include the expansion of the university sec- 
tor to embrace the former polytechnics, the 
increased focus of universities’ research strat- 
egies driven by the Research Assessment Exer- 
cise and the reduction in the unit resource for 
undergraduate physics teaching. 

Departmental focus on particular areas of 
physics has hada significant effect. Increasingly, 
physics departments rely on the core physics 
programmes of the Engineering and Physical 
Sciences Research Council and the Science and 
Technology Facilities Council 
(STFC); the latter was formed 
last year through the merger 
of the Particle Physics and 
Astronomy Research Coun- 
cil and the Council for the 
Central Laboratory of the Research Councils. 
Other British research councils invest in phys- 
ics — notably the Medical Research Council, the 
Natural Environment Research Council and the 
Biotechnology and Biological Sciences Research 
Council — but 95% of their physics-related fund- 
ing is spent in non-physics departments. 

This tells us three things: 1) the dependence 
ona small number of funding streams makes 
physics departments vulnerable; 2) physics 
departments have not fully grasped the oppor- 
tunities in interdisciplinary research and 
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some subdisciplines; and 3) the intellectual 
leadership of research at the margins of the dis- 
cipline is often in other departments. There may 
be reasons for this at an individual institutional 
level, but at a national level it militates against 
the ability of the discipline to work with large 
sections of industry. Physics departments need 
to reclaim the intellectual ownership of some 
parts of their discipline and they need support 
from the funding agencies to achieve this. 
Like many developed countries, the United 
Kingdom faces a challenge to maintain the sup- 
ply and recruitment of research scientists. The 
problem is acute in physics and one that my 
panel explored at several points of the pipeline. 
Government intervention may be necessary to 
solve some of the problems. Physics needs to be 
taught by those trained in the subject. Too many 
young people are being taught physics by teach- 
ers with little relevant background. Worrying 
also is the decline in uptake of physics by girls, 
which has fallen by 16% compared with a 12% 
fall for boys in the four-year period assessed. 
The merger of two research councils to 
form the STFC was generally welcomed by the 
research community. It would be precipitate to 
undo this process rapidly and we are not con- 
vinced that significant changes to the remits of 
individual research councils to unify physics 
funding or to separate facility and grant spend 
would be helpful. Nevertheless, the community 
must be confident that the current remits serve 
the best interests of UK research and physics and 
in particular, that commitments to facilities do 
not have an undesirable impact on the availabil- 
ity of grant funding. We think that government 
should revisit the current arrangement at a suit- 
able time, guided by the more detailed review of 
STFC structures that has been commissioned. 
The value of physics to the United King- 
dom is such that weaknesses in its structures 
and in the skills pipeline must be addressed. 
Some aspects of this problem have been rec- 
ognized, but action now needs to be pursued 
with greater urgency. a 
Bill Wakeham is chair of the Research Councils 
UK Review of Physics. He is a member of the 
Council of the Engineering and Physical Sciences 
Research Council and vice-chancellor of the 
University of Southampton, University Road, 
Southampton SO17 1BJ, UK. 
e-mail: vice-chancellor@soton.ac.uk 
Discuss this Commentary online at http://tinyurl. 
com/4hx8zq. 
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A fluid approach to HIV 


A readable anthropological account of social networks in South Africa and Uganda explains differences in 
the spread of sexually transmitted diseases in those countries, finds Karunesh Tuli. 


Unimagined Community: Sex, Networks, 
and AIDS in Uganda and South Africa 

by Robert J. Thornton 

University of California Press: 2008. 
282 pp. $60 (hbk), $24.95 (pbk) 


“Abstain,” said our hostess as we got off the bus 
to spend a week in Zwelethemba, a township 
in Western Cape, South Africa. She added that 
for her grown-up children, her message is dif- 
ferent: “Be wise, condomize.” A few days later, 
our group of students and teachers, visiting the 
country from the United States to learn about 
how South Africans handle health problems, 
was interviewed by some local journalists. 
After their questions dried up, we asked them 
what was the biggest problem facing their 
community. “AIDS, they replied. 

Stories about AIDS and violence are often 
part of the same narrative in South Africa. In 
Unimagined Community, Robert Thornton 
describes the 2006 rape trial of Jacob Zuma, 
South Africa’s deputy president until 2005. 
The Johannesburg High Court found him not 
guilty but the hearings provided Thornton with 
fertile material for anthropological analysis. 
Zuma’s accuser, a family friend and an AIDS 
activist, was HIV-positive. Zuma told the court 
he had unprotected sex with her even though 
he knew her HIV status; he followed it witha 
shower to prevent infection. 

Unimagined Community is the latest pub- 
lication in the California Series in Public 
Anthropology. Robert Borofsky, the series 
editor, challenges anthropologists to write 
for a popular audience, inspired by Jared Dia- 
mond’s much-read Guns, Germs, and Steel and 
Anne Fadiman’s The Spirit Catches You and You 
Fall Down. Both writers used anthropological 
approaches but lack formal training in the field. 
Thornton reaches out to a general readership 
with a fresh interpretation of a pressing social 
problem. With his vigorous and imaginative 
writing, he succeeds admirably. 

Thornton suggests that, in South Africa, sex 
is more than a personal quest for pleasure. It 
can be viewed community-wide as an exchange 
of fluids between males and females, part of a 
broader flow of objects and services between 
sexual partners. The men and women are hubs 
in large sexual networks that are regional and 
even countrywide. HIV follows the same paths 
as the flow of sexual fluids. 

Traditional healers are reluctant to prescribe 


Despite safe-sex campaigns, AIDS is harder to prevent in South African communities than in Uganda. 


condoms. Thornton attended a workshop on 
HIV/AIDS for healers where the facilitator 
asked them to recommend condoms to their 
clients. Yet the attendees assembled a formida- 
ble case against the advice, saying, for example, 
that condoms could lead to illness in the man 
by causing a backup of semen, or could slip off 
and disappear inside his partner. Many South 
Africans believe that damming the flow of 
fluids disrupts a vital exchange and damages 
social networks. 

Repelling a woman’s sexual advances is akin 
to denying her “human right to sex’, as Zuma 
declared in his defence, claiming his accuser 
had enticed him. He yielded to help her preserve 
her sanity and health. His shower may not have 
warded off HIV, but it was a “ritualistic act of 
cleansing and strengthening’, says Thornton. 

Uganda's HIV story offers a more pleasant 
contrast to South Africa’s slow response. South 
Africa heads global HIV prevalence tables and 
has little to show in its fight against the virus. 
Uganda reduced HIV prevalence by two- 
thirds during the 1990s. Causes continue to 
be debated. Thornton points to the nature of 
Ugandan sexual networks. The South African 
sexual web is similar to information-technology 
networks with built-in redundancy: when one 
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transmission node in the Internet breaks down, 
others take over and information continues to 
flow. The Ugandan network, Thornton believes, 
is more fragile. Government and community 
initiatives knocked out key transmission hubs 
and the whole network collapsed. 

Uganda, even with the recent upsurge in 
infections, can justifiably look back with pride 
at its track record of HIV management. ‘More of 
the same, with some fine-tuning as the epidemic 
evolves, is an adequate prescription. South 
Africa can learn much from Uganda’ success. 

What should the rest of the world do? Esti- 
mates of annual HIV infections have moved 
dramatically up and down in many countries 
in recent years, not because of actual changes in 
the number of new cases, but owing to refine- 
ments in the techniques used to measure them. 
However, the HIV epidemic seems to have 
peaked years ago in the United States and parts 
of Asia. The dreaded generalized epidemic 
of the South African kind has not, and prob- 
ably will not, come to pass in populous China 
and India. HIV/AIDS prevention advocates, 
especially those who work for the Joint United 
Nations Programme on HIV/AIDS, are being 
cast as villains who are diverting resources away 
from other medical problems, such as diarrhoea 


593 


B. STIRTON/GETTY IMAGES 


BUBBLES PHOTOLIBRARY/ALAMY 


OPINION 


NATURE|Vol 455|2 October 2008 


and pneumonia, that continue to kill millions. 
Meanwhile, even if global HIV transmission 
comes to a complete halt tomorrow, bills for the 
treatment of those who are currently infected 
will keep coming in and will need to be paid for 
decades by governments, donors, family mem- 
bers or patients themselves. Prevention efforts 
continue to make economic and humanitarian 
sense: an infection prevented today equals a 
lifetime of medical costs saved. 

Unimagined Community shows how “social 


butterflies” and “open skies” are equally 
important for the transmission of HIV. The 
transmission networks are sustained by highly 
mobile infected people who change their sex- 
ual partners frequently. Thornton makes a 
strong case for uncovering the social factors 
that power these networks, and for developing 
new prevention efforts to counter them. Sex is 
a social act, not just a behaviour, so it follows 
that social interventions are necessary to curb 
the flow of infection. 


The failure of ABC messages — “Abstain, Be 
faithful, use Condoms if you must graze” — to 
interrupt HIV transmission must be viewed in 
the light of Thornton's study. Sexual networks 
need to be understood and targeted alongside 
individual behaviour change. It is time to recruit 
anthropologists with the training and experi- 
ence to carry out a professional analysis. a 
Karunesh Tuli is a public-health consultant based 
in Pasadena, California. 
e-mail: karuneshtuli@hotmail.com 


Patients must have confidence in 
vaccines to maintain high levels of 
_ protection against disease. 


Injecting trust into vaccines 


Autism's False Prophets: Bad Science, 
Risky Medicine, and the Search for a Cure 
by Paul A. Offit 

Columbia University Press: 2008. 328 pp. 
$24.95, £14.95 


Paul Offit’s distinguished academic credentials 
and long-standing advocacy for vaccines in the 
United States provide the weight behind this 
forceful book. Autism’s False Prophets focuses on 
the people and events in that country that were 
central to the claimed link between vaccination 
and autism. Written with passion, authority, 
bluntness and literary skill, it largely lives up to 
the back cover’s promise of a ‘page-turner’ 
The text is rich in heroes and villains. The 
villains include litigious parents, publicity- 
seeking journalists, politicians, lawyers and 
environmental activists, lobbyists and expert 
witnesses. An assortment of quacks, zealots 
and incompetents, frequently from within 
the medical or allied professions, complete 
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the roll-call of ‘false prophets. No wonder the 
public struggles to use good science as the sole 
arbiter for rational behaviour. 

Offit does not underestimate the emotional 
and financial strains on parents whose children 
have autism, their compulsion to apportion 
responsibility for presumed damage, or their 
rich and positive experiences with their autistic 
offspring. He is sympathetic to parents who, 
impatient with the “glacial pace of medical 
research’, all too often succumb to fashionable 
cures that fail to deliver. He dismisses the 300 
or so US physicians who practice alternative 
and sometimes damaging ‘remedies’ for autism 
as “a cottage industry of false hope”. 

Two chapters cover the measles, mumps 
and rubella (MMR) vaccine controversy in the 
United Kingdom. In 1998, physician Andrew 
Wakefield published a highly flawed study in The 
Lancet proposing a ‘link between the MMR vac- 
cine and autism. Ata preceding press conference, 
he advocated the separation of MMR into three 
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vaccines until the issue of safety was ‘resolved. 
Offit lays bare the weaknesses of Wakefield's dis- 
credited assertions and the questionable ethical 
practices associated with his work as a physician. 
Offit also covers the extensive, often uncritical 
reporting of Wakefield’s view by the UK press, 
which collectively promoted the unwarranted 
public anxiety still responsible for the danger- 
ously diminished uptake of the MMR vaccine 
in the United Kingdom. 

Later chapters tell the tale of the mercury- 
containing compound thimerosal, used since 
the 1940s as an effective, convenient vaccine 
preservative. By the late 1990s, some vaccine 
scientists in the United States were calling for 
the precautionary abandonment of thimero- 
sal. They feared the rare possibility of subtle 
neurological and psychological effects from 
the preservative, although evidence is neg- 
ligible. In 1999, the US vaccine authorities 
announced the removal of thimerosal from 
vaccines, using tortuous sentiments to reas- 
sure: “The current levels of thimerosal will 
not hurt children, but reducing those levels 
will make safe vaccines even safer.’ In a chap- 
ter entitled “Mercury Rising’, Offit vividly 
describes how such weasel words opened the 
floodgates of public concern. Here, he misses 
an opportunity for international comparisons 
of scientific and public attitudes — thimerosal 
anxiety was mainly a US fixation, even though 
the same preservative was used in the United 
Kingdom and other countries. 

Public belief that vaccines cause autism soon 
escalated, fuelled by environmentalists, law- 
yers, politicians and opportunistic scientists 
publishing in journals of mixed repute. The 
chapter ‘Mercury Falling’ describes how the 
accumulating scientific evidence, from more 
than 200 epidemiological and other analyses, 
led scientists to refute the notion that thimero- 
sal causes autism. A major factor was that even 
after the abandonment of thimerosal, rates of 
autism continued to increase. Over time, the 
preservative was exonerated to the satisfaction 
of most critics. 

In bemoaning today’s withdrawal of trust 
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and pneumonia, that continue to kill millions. 
Meanwhile, even if global HIV transmission 
comes to a complete halt tomorrow, bills for the 
treatment of those who are currently infected 
will keep coming in and will need to be paid for 
decades by governments, donors, family mem- 
bers or patients themselves. Prevention efforts 
continue to make economic and humanitarian 
sense: an infection prevented today equals a 
lifetime of medical costs saved. 

Unimagined Community shows how “social 


butterflies” and “open skies” are equally 
important for the transmission of HIV. The 
transmission networks are sustained by highly 
mobile infected people who change their sex- 
ual partners frequently. Thornton makes a 
strong case for uncovering the social factors 
that power these networks, and for developing 
new prevention efforts to counter them. Sex is 
a social act, not just a behaviour, so it follows 
that social interventions are necessary to curb 
the flow of infection. 


The failure of ABC messages — “Abstain, Be 
faithful, use Condoms if you must graze” — to 
interrupt HIV transmission must be viewed in 
the light of Thornton's study. Sexual networks 
need to be understood and targeted alongside 
individual behaviour change. It is time to recruit 
anthropologists with the training and experi- 
ence to carry out a professional analysis. a 
Karunesh Tuli is a public-health consultant based 
in Pasadena, California. 
e-mail: karuneshtuli@hotmail.com 


Patients must have confidence in 
vaccines to maintain high levels of 
_ protection against disease. 


Injecting trust into vaccines 


Autism's False Prophets: Bad Science, 
Risky Medicine, and the Search for a Cure 
by Paul A. Offit 

Columbia University Press: 2008. 328 pp. 
$24.95, £14.95 


Paul Offit’s distinguished academic credentials 
and long-standing advocacy for vaccines in the 
United States provide the weight behind this 
forceful book. Autism’s False Prophets focuses on 
the people and events in that country that were 
central to the claimed link between vaccination 
and autism. Written with passion, authority, 
bluntness and literary skill, it largely lives up to 
the back cover’s promise of a ‘page-turner’ 
The text is rich in heroes and villains. The 
villains include litigious parents, publicity- 
seeking journalists, politicians, lawyers and 
environmental activists, lobbyists and expert 
witnesses. An assortment of quacks, zealots 
and incompetents, frequently from within 
the medical or allied professions, complete 
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the roll-call of ‘false prophets. No wonder the 
public struggles to use good science as the sole 
arbiter for rational behaviour. 

Offit does not underestimate the emotional 
and financial strains on parents whose children 
have autism, their compulsion to apportion 
responsibility for presumed damage, or their 
rich and positive experiences with their autistic 
offspring. He is sympathetic to parents who, 
impatient with the “glacial pace of medical 
research’, all too often succumb to fashionable 
cures that fail to deliver. He dismisses the 300 
or so US physicians who practice alternative 
and sometimes damaging ‘remedies’ for autism 
as “a cottage industry of false hope”. 

Two chapters cover the measles, mumps 
and rubella (MMR) vaccine controversy in the 
United Kingdom. In 1998, physician Andrew 
Wakefield published a highly flawed study in The 
Lancet proposing a ‘link between the MMR vac- 
cine and autism. Ata preceding press conference, 
he advocated the separation of MMR into three 
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vaccines until the issue of safety was ‘resolved. 
Offit lays bare the weaknesses of Wakefield's dis- 
credited assertions and the questionable ethical 
practices associated with his work as a physician. 
Offit also covers the extensive, often uncritical 
reporting of Wakefield’s view by the UK press, 
which collectively promoted the unwarranted 
public anxiety still responsible for the danger- 
ously diminished uptake of the MMR vaccine 
in the United Kingdom. 

Later chapters tell the tale of the mercury- 
containing compound thimerosal, used since 
the 1940s as an effective, convenient vaccine 
preservative. By the late 1990s, some vaccine 
scientists in the United States were calling for 
the precautionary abandonment of thimero- 
sal. They feared the rare possibility of subtle 
neurological and psychological effects from 
the preservative, although evidence is neg- 
ligible. In 1999, the US vaccine authorities 
announced the removal of thimerosal from 
vaccines, using tortuous sentiments to reas- 
sure: “The current levels of thimerosal will 
not hurt children, but reducing those levels 
will make safe vaccines even safer.’ In a chap- 
ter entitled “Mercury Rising’, Offit vividly 
describes how such weasel words opened the 
floodgates of public concern. Here, he misses 
an opportunity for international comparisons 
of scientific and public attitudes — thimerosal 
anxiety was mainly a US fixation, even though 
the same preservative was used in the United 
Kingdom and other countries. 

Public belief that vaccines cause autism soon 
escalated, fuelled by environmentalists, law- 
yers, politicians and opportunistic scientists 
publishing in journals of mixed repute. The 
chapter ‘Mercury Falling’ describes how the 
accumulating scientific evidence, from more 
than 200 epidemiological and other analyses, 
led scientists to refute the notion that thimero- 
sal causes autism. A major factor was that even 
after the abandonment of thimerosal, rates of 
autism continued to increase. Over time, the 
preservative was exonerated to the satisfaction 
of most critics. 

In bemoaning today’s withdrawal of trust 
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from medical professionals, Offit risks over- 
egging his case for science. Precaution is 
sometimes a wise basis for policy-making. 
Vaccine damage through unforeseen effects 
does occasionally occur and may be severe. As 
Offit reminds us, one in every 100,000 patients 
suffered paralysis as a consequence of the US 
swine flu vaccination in 1976. Such rare epi- 
sodes do not detract from the transformational 
effect of vaccines. But they remind us that not 
all concerns about vaccines can be dismissed 
as irrational. 

Offit reports the personal testimonies of car- 
ing parents to good effect, but despairs in equal 
measure about their lack of scientific credibil- 
ity and strong emotional appeal. One celebrity 
mother of an autistic child said, for example, 
“My science is Evan, and he’s at home.” Offit is 
anxious about patients actively participating in 
their own medical care using the Internet. For 
him, scientifically sound information online is 
drowned by poorly substantiated opinion. 

Yet Offit’s arguments falter when he uses 
vaccine controversies as his indicator of the 
presumed ignorance of science by the pub- 
lic. Communicating risk is notoriously tricky. 
Vaccine uptake needs to be sufficiently high to 
ensure protection of the population through 
‘herd immunity — a persuasive task made all 
the more difficult when individual patients are 
urged to accept responsibility for their health 
and embrace the principle of choosing a hospital 
or consultant. 

Autism’s False Prophets encapsulates the fan- 
ciful belief among scientists, not supported by 
those who research science communication, 
that understanding the science will inevitably 
tip the scales of public opinion. This stance 
was demonstrated earlier this year in a let- 
ter to The Guardian newspaper from David 
Salisbury, director of immunization at the UK 
Department of Health. It draws attention to the 
ongoing UK public information campaign for 
adopting a vaccine intended to protect young 
women from human papilloma virus, the cause 
of most cervical cancer. The campaign, Salis- 
bury wrote, aims to ensure that “parents and 
young women have all the information they 
need to consent to this important vaccine”. 
Absent in such sentiments is a belief in the 
necessity for dialogue with the public, entirely 
different in tone and purpose from the mis- 
taken compulsion of some well-intentioned 
vaccine enthusiasts to inject hard facts into 
empty vessels. a 
Jeff Thomas teaches science communication 
and health sciences in the Department of Life 
Sciences at The Open University, Milton Keynes, 
MK7 6AA, UK. He is co-editor of Practising 
Science Communication in the Information Age. 
e-mail: j.n.thomas@open.ac.uk 
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OSA: Creations from the cosmos 


OPINION 


Artist Karel Nel works with astronomers from COSMOS, the global Cosmic 
Evolution Survey that is mapping galaxies and dark matter. Now exhibiting his 
work in London, he tells Nature how his view of the Universe has changed. 


How did you get involved in astronomy? 
Artists and scientists have questioned the 
nature of reality for centuries. Feeling the 
need to grasp contemporary scientific 
paradigms, I had worked for decades at the 
interface between these disciplines when I 
met Nick Scoville, leader of the COSMOS 
project. He invited me to be its resident 
artist. It was a very steep learning curve: 

I felt like an ant being taught compound 
interest by an economist. 


What does your work convey? 

My art investigates seen and unseen 

worlds. COSMOS looks back in deep time 
at patterns of galaxy formation and large- 
scale structures, and from these, attempts 

to understand invisible dark energy and 
dark matter. I use metaphorical means to 
grasp these abstract ideas, as scientists often 
do. In my 20 exhibited works, I use mixed 
media including 540-million-year-old black 
carboniferous dust and white primordial 
salts from the oceans to present shimmering 
images of galaxies that emitted their light 
millions of years ago. 


Have the scientists influenced your ideas? 
Yes — representing the Universe is not 

like painting a traditional landscape; there 
are invisible as well as visible aspects to 


convey. Scientists have developed codes 

to deal with cosmic phenomena, and my 
work captures the unstable nature of our 
perceptions of this distant, unknown terrain. 
In one piece, dotted lines echo the grids 
found in astronomy textbooks, but also refer 
to invisible characters, as used in comic 
books. In another, I evoke the ‘blind spots’ 
of telescopes with amorphous dark shapes. 


Did you influence the astronomers? 
Many of the astronomers focus on 
incremental, detailed information, so my 
broad outsider’s perception rekindled the 
extraordinariness of their endeavour. 


What was it like, visiting observatories? 
At the summit of Mauna Kea, Hawaii, some 
of the world’s most powerful telescopes 

are trained on the powder-black darkness, 
looking at complexity and eternity. It is 
awesome and desolate. Even the scientists fall 
silent in the face of that. r 
Interview by Jennifer Rohn, a researcher at 
University College London, Gower Street, London 
WCIE 6BT, UK, and editor of www.lablit.com. 
e-mail: jenny@lablit.com 


The Brilliance of Darkness 
Art First, 9 Cork Street, London W1S 3LL 
Until 9 October 2008. 


Enhance your life with Nature debates 


Nature has picked two panels of experts in 
science, policy and ethics to debate research 
that is improving mental and physical abilities. 


Enhancing the Brain: 13 October 2008 
From intelligence to emotional tolerance, 
sleep requirements and memory power, how 
are developments in neuroscience affecting 
the individual and society? Panel: Barbara 
Sahakian, John Harris and Nick Bostrom. 
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Enhancing the Body: 10 November 2008 
Studies of the human body are focusing on 
aspects such as speed, strength and healing or 
the tolerance of pain. But how will this science 
enhance the human body? Panel: Aubrey de 
Grey, Andy Miah and Kevin Warwick. 


Nature debates will be held at 7pm at Kings 


Place, 90 York Way, London N1 9AG, UK. 
See http://tinyurl.com/4zrh8v for more details. 


595 


ART FIRST, LONDON 


NATURE|Vol 455|2 October 2008 


from medical professionals, Offit risks over- 
egging his case for science. Precaution is 
sometimes a wise basis for policy-making. 
Vaccine damage through unforeseen effects 
does occasionally occur and may be severe. As 
Offit reminds us, one in every 100,000 patients 
suffered paralysis as a consequence of the US 
swine flu vaccination in 1976. Such rare epi- 
sodes do not detract from the transformational 
effect of vaccines. But they remind us that not 
all concerns about vaccines can be dismissed 
as irrational. 

Offit reports the personal testimonies of car- 
ing parents to good effect, but despairs in equal 
measure about their lack of scientific credibil- 
ity and strong emotional appeal. One celebrity 
mother of an autistic child said, for example, 
“My science is Evan, and he’s at home.” Offit is 
anxious about patients actively participating in 
their own medical care using the Internet. For 
him, scientifically sound information online is 
drowned by poorly substantiated opinion. 

Yet Offit’s arguments falter when he uses 
vaccine controversies as his indicator of the 
presumed ignorance of science by the pub- 
lic. Communicating risk is notoriously tricky. 
Vaccine uptake needs to be sufficiently high to 
ensure protection of the population through 
‘herd immunity — a persuasive task made all 
the more difficult when individual patients are 
urged to accept responsibility for their health 
and embrace the principle of choosing a hospital 
or consultant. 

Autism’s False Prophets encapsulates the fan- 
ciful belief among scientists, not supported by 
those who research science communication, 
that understanding the science will inevitably 
tip the scales of public opinion. This stance 
was demonstrated earlier this year in a let- 
ter to The Guardian newspaper from David 
Salisbury, director of immunization at the UK 
Department of Health. It draws attention to the 
ongoing UK public information campaign for 
adopting a vaccine intended to protect young 
women from human papilloma virus, the cause 
of most cervical cancer. The campaign, Salis- 
bury wrote, aims to ensure that “parents and 
young women have all the information they 
need to consent to this important vaccine”. 
Absent in such sentiments is a belief in the 
necessity for dialogue with the public, entirely 
different in tone and purpose from the mis- 
taken compulsion of some well-intentioned 
vaccine enthusiasts to inject hard facts into 
empty vessels. a 
Jeff Thomas teaches science communication 
and health sciences in the Department of Life 
Sciences at The Open University, Milton Keynes, 
MK7 6AA, UK. He is co-editor of Practising 
Science Communication in the Information Age. 
e-mail: j.n.thomas@open.ac.uk 
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OPINION 


Artist Karel Nel works with astronomers from COSMOS, the global Cosmic 
Evolution Survey that is mapping galaxies and dark matter. Now exhibiting his 
work in London, he tells Nature how his view of the Universe has changed. 


How did you get involved in astronomy? 
Artists and scientists have questioned the 
nature of reality for centuries. Feeling the 
need to grasp contemporary scientific 
paradigms, I had worked for decades at the 
interface between these disciplines when I 
met Nick Scoville, leader of the COSMOS 
project. He invited me to be its resident 
artist. It was a very steep learning curve: 

I felt like an ant being taught compound 
interest by an economist. 


What does your work convey? 

My art investigates seen and unseen 

worlds. COSMOS looks back in deep time 
at patterns of galaxy formation and large- 
scale structures, and from these, attempts 

to understand invisible dark energy and 
dark matter. I use metaphorical means to 
grasp these abstract ideas, as scientists often 
do. In my 20 exhibited works, I use mixed 
media including 540-million-year-old black 
carboniferous dust and white primordial 
salts from the oceans to present shimmering 
images of galaxies that emitted their light 
millions of years ago. 


Have the scientists influenced your ideas? 
Yes — representing the Universe is not 

like painting a traditional landscape; there 
are invisible as well as visible aspects to 


convey. Scientists have developed codes 

to deal with cosmic phenomena, and my 
work captures the unstable nature of our 
perceptions of this distant, unknown terrain. 
In one piece, dotted lines echo the grids 
found in astronomy textbooks, but also refer 
to invisible characters, as used in comic 
books. In another, I evoke the ‘blind spots’ 
of telescopes with amorphous dark shapes. 


Did you influence the astronomers? 
Many of the astronomers focus on 
incremental, detailed information, so my 
broad outsider’s perception rekindled the 
extraordinariness of their endeavour. 


What was it like, visiting observatories? 
At the summit of Mauna Kea, Hawaii, some 
of the world’s most powerful telescopes 

are trained on the powder-black darkness, 
looking at complexity and eternity. It is 
awesome and desolate. Even the scientists fall 
silent in the face of that. r 
Interview by Jennifer Rohn, a researcher at 
University College London, Gower Street, London 
WCIE 6BT, UK, and editor of www.lablit.com. 
e-mail: jenny@lablit.com 
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that is improving mental and physical abilities. 
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sleep requirements and memory power, how 
are developments in neuroscience affecting 
the individual and society? Panel: Barbara 
Sahakian, John Harris and Nick Bostrom. 
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Enhancing the Body: 10 November 2008 
Studies of the human body are focusing on 
aspects such as speed, strength and healing or 
the tolerance of pain. But how will this science 
enhance the human body? Panel: Aubrey de 
Grey, Andy Miah and Kevin Warwick. 


Nature debates will be held at 7pm at Kings 


Place, 90 York Way, London N1 9AG, UK. 
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Beyond the greenhouse 


Botanic gardens are using good garden design to attract and educate the public. Mike Maunder explains 
how they can thrive both as businesses and as institutions of learning. 


The world’s 2,500 botanic gardens are broadening 
their conservation purpose and embracing 
their cultural identity. Rallying to help over- 
come the challenges of the global biodiversity 
crisis, herbaria and seed banks have been 
rejuvenated. Meanwhile, an equally profound 
change has occurred in the public face of the 
botanic garden. 

Botanic gardens retain their core functions 
of collecting and exhibiting plants for scientific 
and educational purposes. During the past 
30 years, botany research at universities has 
declined and botanic gardens have become key 
to documenting plant diversity and promoting 
plant conservation, many as important players 
in the United Nations’ Global Strategy for Plant 
Conservation (www.bgci.org/worldwide/gspc). 
As the extinction spasm accelerates, the skills of 
such institutions in managing threatened spe- 
cies will be vital. The accumulated plant collec- 
tions, living and preserved, record what we are 
losing and offer resources for what we choose 
to restore. These collections are of immense 
scientific and cultural value, and their viability 
presents a financial and political challenge. 

Botanic gardens are becoming sophisticated 
business entities and increasingly depend upon 
the financial patronage of the public. This is 
a profound change from the days when many 
gardens were supported by government funds 
and visitors were seen as an awkward impedi- 
ment, coming between curators and horti- 
cultural perfection. During the past 20 years, 
botanic gardens have found a vibrant sense of 
mission as translators of environmental science 
to millions of people of all ages. They recog- 
nize that their future depends on conveying 
the importance of their work and establishing 
strong links with their local community. 


Design for delight 

This new social role has changed the design 
of botanic gardens dramatically. Compare the 
quiet, walled enclaves of the early Italian Ren- 
aissance botanic gardens with the space-age 
domes and invigorating botanical cabaret of 
the Eden Project in Cornwall, UK. The defin- 
ing features of old botanic gardens have largely 
disappeared, such as the awkward opening 
times, miserable cafes and lack of any institu- 
tional interpretation. Gardens are now creating 
exhibits that inform and inspire: in the words 
of the philosopher and theologian Thomas 
Aquinas, “you change people by delight”. 
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The Royal Botanic Gardens at Cranbourne, Australia, convey the nature of the continent's ‘Red Centre’. 


This evolution is particularly notable in 
the latest desert botanic gardens. Here, an 
appreciation of local floras, declining natu- 
ral resources and ethnobotanical heritage are 
influencing both mission and design. The 
Arizona Sonora Desert Museum was estab- 
lished as an early model of this in 1952 —a 
mix of botanic garden, zoo and museum, with 
a clear geographical and ecological identity. 
It has inspired a new generation of desert 
gardens. The Royal Botanic Garden near 
Amman in Jordan showcases the country’s 
natural habitats and wild species; similarly, 
the new Oman Botanic Garden near Muscat 
exhibits native plants, ecosystems and ethno- 
botanical heritage. The Al Ain Wildlife Park 
in Abu Dhabi, set to open in 2010, will dem- 
onstrate the biodiversity and cultures of the 
world’s desert ecosystems and reconnect the 
people of the United Arab Emirates with their 
desert heritage. In Australia, the Alice Springs 
Desert Park interprets the local ecology, 
culture and landscape. The spectacular new 
Australian Garden at the Royal Botanic Gar- 
dens, Cranborne, near Melbourne, abstracts 
those same landscapes into a contemporary 
garden design, acting as envoy for the culture 
and biology of the ‘Red Centre’. 

Strong collaboration between scientists and 
artists coupled with a locally focused mission 
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defines the character of some new gardens. In 
the late 1990s, Mexican artists Francisco Toledo 
and Luis Zarate worked with anthropologist 
Alejandro de Avila to create dramatic land- 
scapes incorporating pre-Hispanic motifs in 
the Ethnobotanical Garden of Oaxaca, Mexico, 
celebrating the natural heritage of Oaxaca state. 
A similar approach can be seen in the First 
Nations Garden at the Montreal Botanical Gar- 
den, a cultural meeting place where the ethno- 
botany of Canada’s Inuit and Native American 
cultures is exhibited and interpreted through 
habitat exhibits and storytelling. 

China, with its traditions of academic botany 
and love of plants, has seen an extraordinary 
growth in botanic gardens in recent decades. 
From just 34 in 1960, China now boasts more 
than 160 gardens, housing some of the world’s 
largest and richest cultivated plant collections. 
New gardens are being created, including the 
Shanghai Chenshan Botanical Garden, and 
existing gardens, such as the Hangzhou Botani- 
cal Garden, are being renovated as spectacu- 
lar venues for the public display of botanical 
diversity. Similarly, the restored Hengchun 
Tropical Botanical Gardens in Taiwan reflect 
the geomorphological, ecological and cultural 
evolution of Taiwan and celebrate the beauty 
of the site’s tropical-forest habitat. 

This new emphasis on gardens as public 
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spectacles has arisen largely because of the 
recent interchange of designers between botanic 
gardens, museums and zoos. Landscape archi- 
tecture studios — suchas Jon Coe in Australia, 
or Jones and Jones, Field Operations and Por- 
tico in the United States — are applying tech- 
niques honed in zoos and museums to create 
innovative botanic-garden exhibits. Landscape 
architects experienced in designing for private 
clients are also creating astonishing botanic- 
garden landscapes; examples include the work 
of Raymond Jungles and Made Wijaya at the 
Naples Botanic Garden in Florida and Luis 
Vallejo’s design for the Oman Botanic Garden. 

Within the botanic-garden community, 
there is a palpable sense of confidence. New 
exhibition spaces showcase their vital scien- 
tific work and collections that had historically 
remained hidden from the visitor. For exam- 
ple, the public galleries of the Millennium 
Seed Bank at the Royal Botanic Gardens, Kew, 
UK, convey their role in conserving wild plant 
resources, and the Pfizer Plant Research Labo- 
ratory at the New York Botanic Garden invites 
visitors to see the workings of a major taxo- 
nomic research institute. “Where better than 
a botanic garden for people to understand the 
rapidly changing world, to grasp how to change 
their behaviour and to mobilize action for a 
sustainable future?” says Stephen Blackmore, 
regius keeper of the Royal Botanic Gardens in 
Edinburgh, UK. 

Many botanic gardens and their buildings 
demonstrate sustainable maintenance and con- 
struction techniques. The new visitor centre at 
the Queens Botanical Garden, described as the 
greenest building in New York City, incorpo- 
rates the use of solar and geothermal energy, 
waste-water recycling and composting toilets. 
As Queens’ executive director Susan Lacerte 
says: “We are an environmental organization; if 
we are not going to build green, who is?” 
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The UK Eden Project promotes sustainability. 
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A forest of fossilized and living trees at Shenzhen Fairy Lake Botanical Garden in Guangdong, China. 


Crowd pleasing 
Amid all this vigour, botanic gardens face a 
challenge: the temptation to reduce investment 
in plant collections — a core resource — and 
emphasize exhibits that generate income. The 
management of collections and the business of 
displaying them have historically been separate 
affairs, so itis encouraging to see important col- 
lections now being used in innovative ways. The 
new Rhizotron and Xstrata Treetop Walkway at 
the Royal Botanic Garden at Kew have brought 
life and a story to a traditional arboretum. Plant 
collections are increasingly packaged as habi- 
tats, either generically as desert or rainforest 
exhibitions, or specifically linked to conserva- 
tion projects. For instance, the Lin Lougheed 
Spiny Forest exhibit at Fairchild Tropical 
Botanic Garden, Florida, is directly linked to 
supporting field conservation in Madagascar. 
Arthas always had a place in botanic gardens, 
and it is being used with gusto for interpretation 
and marketing. Previously hidden treasures are 
being given new homes, as with the botanical 
drawings at the Shirley Sherwood Gallery of 
Botanical Art at Kew. Some historical collec- 
tions and landscapes are being given a contem- 
porary interpretation. One example is sculptor 
Mark Dion’s interpretation of botanist William 
Bartram’s explorations of the southern United 
States in 1773, on show at Bartram’s Garden in 
Philadelphia, Pennsylvania. Environmental 
degradation is highlighted in the provocative 
Hard Rain exhibit, which is touring various 
botanic gardens worldwide and combines 
the lyrics of Bob Dylan with Mark Edwards's 
apocalyptic photographs. Similarly, in the Gar- 
den of Extinction, designed by Willem Boshoff 
and installed at Kirstenbosch Botanic Garden 
in South Africa, rows of memorials represent 
15,000 threatened or extinct plant species, 
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with disturbing echoes of the First World War 
cemeteries in Belgium and France. 

We have entered the age of blockbuster art 
in botanic gardens. Roy Lichtenstein’s work has 
been exhibited at Fairchild Tropical Botanic 
Garden, Niki de St Phalle's art is displayed at 
Missouri Botanical Garden, St Louis, and Dale 
Chihuly has exhibited at Kew and the Atlanta 
Botanical Garden in Georgia. When successful, 
these shows have a steroidal effect on visitor 
attendance and membership. 

The showman P. T. Barnum said “every crowd 
has a silver lining”, and botanic gardens are 
using special events to attract new visitors and 
interpret big environmental issues. Events such 
as the Chocolate and Mango Festivals at Fair- 
child, for example, not only generate revenue 
and membership but also connect the public 
with the agricultural heritage of the tropics and 
the challenges of sustainable agriculture. 

A deep satisfaction can come from experi- 
encing the diversity and abundance ofa good 
botanic garden, whether it contains tropi- 
cal orchids and palms, an astonishing prairie 
reconstruction or a seasonal display of apples or 
chilli peppers. The challenge is to use that emo- 
tional response to change people's behaviour. 
Botanic gardens need to create landscapes and 
gardens that are attractive, vibrant and welcom- 
ing — otherwise, they will fail as businesses, and 
thence in their fundamental mission to inform 
and influence. a 
Mike Maunder is executive director of the 
Fairchild Tropical Botanic Garden, Coral Gables, 
Miami, Florida 33156-4233, USA, and a faculty 
member of the Department of Biological 
Sciences, Florida International University. 
e-mail: mmaunder@fairchildgarden.org 


More garden images at http://tinyurl.com/5yv2q8. 
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Beijing 


1987: China's coming-out party 


Two decades ago, Deng Xiaoping welcomed nations to an international meeting in Beijing. Mohamed Hassan 
recalls how China's leaders set out their plans for the nation to rejoin the world’s scientific elite. 


The memory is still fresh. On 12 September 
1987, I flew into a Beijing airport that com- 
prised a few badly maintained structures, 
no larger than a small provincial airfield. All 
around was peeling paint and dim lighting, 
no signs, no assistance and an anxious wait 
for luggage. 

The drive from the airport was another eye- 
opener. The road we took was poorly paved. 
Street lighting was sporadic. A smattering 
of cars, mainly Japanese-made, had to make 
room for bicycles, wheelbarrows and the occa- 
sional donkey cart. Beijing was a busy, even 
frenetic place. It was certainly well cared for. 
But it was impoverished. 

The Beijing from the window of my car was 
the image of China in the West. Yet, over the 
next five days, the idea of China as a poverty- 
stricken backwater, unable to harness new 
ways of learning and ultimately modernity, 
would be tested and changed forever. 

As Land the other delegates were about to 
discover, China’s most prominent officials and 
scientists all agreed that science and technol- 
ogy would be a key element in the country’s 
plans to re-emerge as a global power. As one 
of my colleagues, MGK Menon, former chief 
scientific adviser to India’s late prime minis- 
ter Indira Gandhi, recalls today: “the state of 
science in China was a welcome surprise but 
largely because so little was known about it.” 


Drawn together 
I was then starting my career at TWAS, then 
known as the Third World Academy of Sci- 
ences and the brainchild of the Pakistani 
theoretical physicist Abdus Salam. Salam had 
lured me to the academy from the University 
of Khartoum in Sudan, where 
I was a professor of mathemat- 
ics, specializing in modelling 
the formation and the move- 
ment of desert dust and sand. 
Salam knew China well; his 
contacts were at the highest 
levels. He also knew that Chi- 
na’s leadership wanted both to 
open up to the West and to have 
a leading role for the developing nations of the 
South. So it was no surprise for me to learn 
that our second general conference would in 
effect become China’s coming-out party — an 
opportunity for the country to show itself off 


about it.” 
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"The state of science 
in China was a 
welcome surprise 
but largely because 
so little was known 


to the world (both North and South) and a 
chance for enterprising scientists and policy- 
makers from the developing countries to learn 
from — and do business with — Beijing. 

Salam had other reasons for wanting to 
work with China. He was a candidate for the 
job of running UNESCO, the United Nations 
Educational, Scientific and Cultural Organi- 
zation. As a Nobel prize-winning professor 
at Imperial College London, Salam had lit- 
tle difficulty accessing the levers of power 
in the Anglophone world. But to secure the 
UNESCO post he needed the backing of coun- 
tries elsewhere. Getting a nod from a perma- 
nent member of the UN Security Council, 
such as China, would certainly help. 


China anew 

The opening session took place in the Great 
Hall of the People two days later on 14 Sep- 
tember. There were more than 150 partici- 
pants from 50 countries, joined by an equal 
number from China. Given that this was a 
rare example of China putting its science on 
display, interest from the Western scientific 
community was high. International organiza- 
tions represented in Beijing included the then 
International Council of Scientific Unions 
(ICSU), headed by Julia Marton-LaFeérre, the 
International Foundation for Science (IFS), 
the American Association for the Advance- 
ment of Science (AAAS) and the Science 
Council of Japan. 

The Chinese Academy of Sciences, an insti- 
tution that is key to understanding science in 
modern China, was our host. Whereas, in 
Western countries, government ministries, 
research funding bodies and scientists operate 
(mostly) independently of each 
other. In China (as in Russia), 
all three of these functions are 
rolled into a single state-run 
and state-funded academy of 
sciences. The Chinese acad- 
emy, which was established 
just two months after the Com- 
munist takeover in 1949, had 
grown substantially in size and 
impact over the next two decades. However, 
the assault on intellectuals during the 10-year 
Cultural Revolution severely put back the 
academy’s work. 

The scars of this period had clearly not yet 
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healed for many of the Chinese speakers at the 
1987 conference. In his opening address, Zhou 
Guangzhao, then president of the Chinese 
Academy of Sciences, described the Cultural 
Revolution as a “disaster” for China. Similarly, 
Zhao Ziyang, general secretary of the Commu- 
nist Party, said that bullying and humiliation 
had characterized the Cultural Revolution. 

China’s leader, Deng Xiaoping, later told 
Salam that if China did eventually join the 
ranks of developed nations, it would never 
forget its history and where it came from: 
that it would always see itself as a developing 
country first and foremost. But that said, out 
of the embers of the Cultural Revolution, it 
harboured larger ambitions. 

Too often, the main message coming out 
of conferences on science and technology in 
developing countries was (and still is) one of 
inadequate salaries, low standards of research 
and development, poor working conditions 
and either political apathy or excessive politi- 
cal interference. Beijing 1987 could have been 
the same. However, our hosts were deter- 
mined to show that they would not be defined 
by the past. 

We learnt from the opening talks that, 
in 1949, China, with a population of nearly 
550 million, had just 50,000 people recorded 
as working in science and technology in some 
30 scientific institutes. But by 1985, the coun- 
try had more than 10 million people working 
in almost all fields of science and technology, 
including 300,000 active researchers. The Chi- 
nese Academy of Sciences alone had 80,000 
scientists working in more than 120 research 
institutes. The academy system was comple- 
mented by a rapidly growing system of higher 
education consisting of 2 million students in 
more than 1,000 universities. 

We also learnt that China’s scientists had 
been busy pushing the envelope in a diverse set 
of research fields. Among other achievements, 
they had synthesized bovine insulin, carried 
out research into low-temperature, high-con- 
ducting materials, launched 19 satellites and 
developed an extensive nationwide remote- 
sensing system. In agriculture, China had 
eliminated the wheat-rust fungus and created 
hybrid rice varieties, allowing improved crop 
yields. In health care, vaccines had led to sig- 
nificant reductions in the incidence of diseases 
such as diphtheria, scarlet fever and polio. 
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Listening to the presentations and observ- 
ing China’s scientists, it became clear that this 
kind of progress was different from that taking 
place in other Communist countries — espe- 
cially the Soviet Union. Unlike former Soviet 
Russia, for example, China had no problems 
in acknowledging that it would need access to 
Western science and technology to innovate. 
At the time of the conference, an estimated 
100,000 students from China had studied or 
worked abroad (mostly in Western countries) 
and then returned home to help build their 
nation’s infrastructure. This number is now in 
excess of one million. 

Finally, we learnt that China, which had 
begun to open the door of scientific exchange 
with both developed and developing coun- 
tries, was eager to collaborate with partners 
in a broad range of fields. To facilitate this, 
Chinese officials announced that they would 
be hosting a TWAS-China field office inside 
the Chinese Academy of Sciences. 

This was a truly transformational moment. 
China was telling us that it was no longer alone 
in science, that it would welcome opportunities 
to become part of the international scientific 
community and that it was eager to join with 
others both to enhance its own capabilities 
and to help address critical global challenges 
in both science and society. Biotechnology, 


materials science, particle physics and space 
science were about to get a new major part- 
ner, and both China and the rest of the world 
would benefit as a result. 


Back to the future 
I returned to China in October 2003 to celebrate 
TWAS’s 20th anniversary. My journey began 
in Trieste and ended at Beijing's international 
airport, just as it had 15 years 
earlier. The opening ceremony, 
just as before, was held in the 
Great Hall of the People. 

I may have followed the 
same roads to the same places 
in Beijing, but so much else 
had changed. The airport was a gleaming new 
state-of-the-art facility and one of the biggest 
and busiest airports in the world. The tree- 
lined avenues that led from the airport to the 
city centre were jammed with automobiles and 
taxis, and framed by sleek apartment houses, 
office buildings and commercial establish- 
ments. Enormous holes in the ground, shad- 
owed by large construction cranes overhead, 
foretold of larger structures to come, including 
the venues for the 2008 Olympics. 

Hu Jintao, China’s president, spoke at the 
opening ceremony in front of 3,000 people. 
The audience consisted not just of scientists 
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and political leaders from around the world, 
but also of many young Chinese students 
who filled the outer reaches of the great hall. 
Earlier that day, Hu had congratulated Chi- 
nas first astronaut, Yang Liwei, who had just 
returned home after completing a 21-hour, 14- 
orbit journey around Earth. The space flight, 
President Hu observed, constituted “another 
important step for the Chinese people scaling 
to the summit of world sci- 
ence and technology”. 
As I listened to President 
Hu and peered at the audience 
beyond the podium, I could 
not help but think that one of 
the most important first steps 
in China’ rebirth as an international scientific 
powerhouse took place in the same hall in 1987. 
The promise of modern science and technology 
in China that I had first glimpsed 15 years ago 
had been fulfilled. 
Mohamed Hassan is the executive director of 
TWAS, the academy of sciences for the developing 
world in Trieste, Italy. He was a participant at the 
academy's second general conference, held in 
Beijing from 14-18 September 1987. 
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In sight of speciation 


Mark Kirkpatrick and Trevor Price 


Adaptation of a fish's eyes to its visual environment can bias females to mate with different males 
according to their coloration. This sensory preference can contribute to the formation of new species. 


How and why do barriers that prevent mating 
between species evolve? On page 620 of this 
issue, Seehausen et al. present a rich and eclec- 
tic data set that suggests a key role for vision 
in African cichlid fishes. It has been shown in 
other fish that natural selection tunes eyes to 
their visual environment, so that individuals 
can best see not only what they eat and what 
eats them, but also members of their own 
species*™*. Seehausen et al. carry this story a 
step further with work on fish in which the 
males are either red or blue (Fig. 1), and which 
have genetic variation for visual sensitivity to 
those colours. 

In some populations, females with blue- 
biased vision seem to mate only with blue 
males, whereas red-biased females mate only 
with red males. The inference is that natural 
selection acting on the visual system contrib- 
utes to reproductive barriers and the formation 
of new species. In short, what you see deter- 
mines what you get, and with 
whom you get it on. More con- 
troversially, the authors sug- 
gest that these barriers might 
arise within a population, and 
do not, as has previously been 
thought, require a phase in which 
red and blue populations evolve in 
geographical isolation. 

The biological and ecological set- 
ting for this story is dramatic — the cichlid 
fish in the Great Lakes of Africa. These fish 
are the most rapidly speciating organisms on 
Earth, and this explosion of life has produced a 
panoply of colour, morphology and behaviour, 
a sampling of which can be seen at your local 
pet shop. The fish in Lake Victoria, where the 
present study’ was done, show a fantastically 
high rate of speciation. More than 500 species 
inhabit the lake. They may have originated 
just a few hundred thousand years ago’, and 
possibly went through a period of large-scale 
interbreeding 20,000 years ago®. 

The lake has diverse visual environments. 
Starting at the shore and descending along 
the lake bottom, red becomes increasingly 
dominant in the ambient visual spectrum. 
This spectral shift is rapid at some sites and 
more gradual at others. To study how the fish 


have adapted to these conditions, Seehausen 
et al. wanted to know what the fish see. They 
identified genetic variants (alleles) in one of 
the opsin genes responsible for tuning the 
fish's visual sensitivity to different colours. By 
expressing these genes in vitro and measuring 
the absorption properties of the resulting pro- 
teins, they found some variants that are red- 
biased in their sensitivity and others that are 
blue-biased. The red-biased variant is typically 
found in fish living at greater depths than the 
blue-biased one. 

The numbers of males with red, blue and 
intermediate coloration vary between popula- 
tions. At sites where the spectral shift is neither 
very rapid nor very gradual, notably Makobe 
island, blue males are confined to the shallows 
and red males to greater depths. At this site, the 
great majority of 


Figure 1| Seeing red doesn't get you 
blue. These cichlid fish are examples 
of the colour morphs investigated by 
Seehausen et al.' in their study of 
visually determined mating preference. 
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blue males carry the blue-biased opsin variant, 
whereas most red males carry the red-biased 
one. The two colour morphs also show dif- 
ferences in other genetic markers, suggesting 
that they are nascent species. At sites where 
the spectral shift is rapid, however, the colour 
forms interbreed, presumably because they 
encounter each other frequently. 

Is beauty just in the eye of the beholder? In 
mate-choice experiments using fish from con- 
trolled crosses, Seehausen et al. find that the 
opsin variant alone does not strongly determine 
mating preference. Segregation of the colour 
morphs by depth in the lake must mean that 
the fish mainly encounter and hence mate with 
their own kind. It is not difficult to imagine that 
fish prefer to spend time in habitats in which 
they see best — that is, visual tuning could 
generate a type of habitat preference that 
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Increased preference for red male 


FM - Foster mother GM - Genetic mother 


Figure 2 | The mother who raised you determines 
with whom you mate. In choice tests’ with 
mouth-brooding cichlids, female fish raised by 
foster mothers belonging to different species 
from their genetic mothers preferred males of 
that different species. The stylized pictures are 
of males; females are dull and generally similarly 
coloured. The preference was measured by the 
difference in the number of approaches per 

male display when female fish are given a pair- 
wise choice (with standard errors; dashed line 
indicates random choice). This evidence suggests 
that learning at a young age contributes to 
reproductive isolation in cichlids, in addition to 
other mechanisms such as the action of natural 
selection on vision described by Seehausen and 
colleagues’. (Modified from ref. 7.) 


contributes to speciation above and beyond its 
effects on mate choice. 

But is even this enough? Other findings 
point to an additional mechanism that com- 
plements reproductive isolation via vision. The 
females of these remarkable fish brood their 
eggs in their mouths, then guard the young 
fry after they hatch. In experiments reported 
last year, Verzijden and ten Cate’ swapped 
eggs between the mouths of red morph and 
blue morph mothers. Females raised from 
the experimental broods strongly preferred 
males from their foster morph over those of 
their own morph (Fig. 2). As females of the 
two species look very similar, it is unclear 
whether the offspring preference is based on 
colour or some other correlated cue such as 
odour. Regardless of that, learning at a young 
age (sexual imprinting) apparently contrib- 
utes to reproductive isolation in these cichlids, 
as it does in other groups such as birds’. 
The implication is that assortative mating 
— the tendency of like to mate with like — can 
arise whenever male characteristics diverge 
in response to differences in the environment, 
which might happen even without divergence 
in the opsin pigments. It remains to be seen 
if imprinting, vision and perhaps other 
mechanisms have been sufficient to generate 
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new species without geographical isolation. 
An intriguing observation mentioned by 
Seehausen et al.’ is that the red- and blue-biased 
opsin alleles are evolutionarily much older than 
the species studied here. Red and blue colour 
morphs are found in other species of cichlid’, 
suggesting that the colour polymorphism may 
also be ancient. Perhaps one key to the spec- 
tacular species radiation of African cichlids 
is that they inherited from distant ancestors a 
trove of genetic variation for sensory systems 
and male signals, possibly contributed during 
the inferred episode of interbreeding 20,000 
years ago. This variation is entrained again 
and again in speciation events. To systematists, 
these events represent independent nodes on 
the evolutionary tree. From the fish’s point of 
view, however, they are perhaps more like an 
evolutionary play that is re-enacted, night after 
night, with the same genetic cast. a 
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CLIMATE CHANGE 


When did the icehouse cometh? 


Stephen F. Pekar 


The concentration of atmospheric carbon dioxide decreased between 
45 million and 25 million years ago, a trend accompanied by glaciation at 
the poles. Modelling results suggest when and where the ice closed in. 


As atmospheric carbon dioxide is predicted to 
rise to concentrations not seen in perhaps 25 
million years (Myr)’, scientists are working to 
understand the impact on Earth's climate and 
ice sheets. This requires a shift in perspective: 
geologists typically use the present as a key to 
the past, but in this case the past might well be 
the key to predicting how climate will change 
in the future. 

The concentration of CO, in the atmos- 
phere is predicted to increase to between 500 
and 900 parts per million (p.p.m.) by the end 
of this century. Geochemical proxies indicate 
that the last time CO, levels were that high was 
about 45 to 25 Myr ago’. This was when Earth 
changed from a generally ice-free ‘greenhouse 
world’ to a more heavily glaciated ‘icehouse 
world”, with atmospheric CO, gradually 
decreasing from more than 1,000 p.p.m. to 
near pre-industrial levels (280 p.p.m.)'. So how 
did the falling atmospheric CO, concentra- 
tions affect ice-sheet development during this 
period? On page 652 of this issue, DeConto 
et al.’ use numerical modelling to constrain the 
timing of the initiation of glaciation in relation 
to decreasing levels of CO,. Their results not 
only address a long-standing geological debate, 
but are also relevant to today’s discussion about 
climate change. 

Given the current interest in the effects of 
CO, on climate, it may be surprising to learn 
that there is a great deal of uncertainty about 
the extent of ice sheets, and the causal factors in 


© 2008 Macmillan Publishers Limited. All rights reserved 


their development, during the last period when 
atmospheric CO, concentrations reached lev- 
els as high as those predicted for the end of this 
century. Some information can be gleaned by 
studying the remains of shells from foramini- 
fers — single-celled marine organisms — of 
that period. The ratio of oxygen isotopes in the 
shells depends on both the temperature and 
the isotopic composition of the water in which 
the foraminifers lived. The isotopic composi- 
tion, in turn, was controlled by the ice volume 
at the poles, and by the evaporation-precipita- 
tion history of the water when it was near the 
ocean's surface. By contrast, the ratio of mag- 
nesium to calcium in the shells is controlled 
mainly by the seawater temperature alone. By 
measuring the two ratios, the isotopic compo- 
sition of sea water can be calculated and used 
to constrain the polar ice volume for the period 
in which the foraminifers were alive. 

The data suggest”® that the ice volume was 
much larger than could be reasonably placed on 
the Antarctic continent. These high ice-volume 
estimates, combined with evidence of ice-rafted 
debris off the coast of Greenland, raise the 
possibility that glaciation in the Northern Hemi- 
sphere might have developed about 40 Myr 
earlier than was previously thought (that is, up 
to 44 Myr ago, rather than 3 Myr ago). 

DeConto et al.* cast fresh light on this issue. 
They developed a model of global climate and 
of ice-sheet formation that incorporates the 
decreasing levels of atmospheric CO, found 
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indicates random choice). This evidence suggests 
that learning at a young age contributes to 
reproductive isolation in cichlids, in addition to 
other mechanisms such as the action of natural 
selection on vision described by Seehausen and 
colleagues’. (Modified from ref. 7.) 


contributes to speciation above and beyond its 
effects on mate choice. 

But is even this enough? Other findings 
point to an additional mechanism that com- 
plements reproductive isolation via vision. The 
females of these remarkable fish brood their 
eggs in their mouths, then guard the young 
fry after they hatch. In experiments reported 
last year, Verzijden and ten Cate’ swapped 
eggs between the mouths of red morph and 
blue morph mothers. Females raised from 
the experimental broods strongly preferred 
males from their foster morph over those of 
their own morph (Fig. 2). As females of the 
two species look very similar, it is unclear 
whether the offspring preference is based on 
colour or some other correlated cue such as 
odour. Regardless of that, learning at a young 
age (sexual imprinting) apparently contrib- 
utes to reproductive isolation in these cichlids, 
as it does in other groups such as birds’. 
The implication is that assortative mating 
— the tendency of like to mate with like — can 
arise whenever male characteristics diverge 
in response to differences in the environment, 
which might happen even without divergence 
in the opsin pigments. It remains to be seen 
if imprinting, vision and perhaps other 
mechanisms have been sufficient to generate 
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new species without geographical isolation. 
An intriguing observation mentioned by 
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opsin alleles are evolutionarily much older than 
the species studied here. Red and blue colour 
morphs are found in other species of cichlid’, 
suggesting that the colour polymorphism may 
also be ancient. Perhaps one key to the spec- 
tacular species radiation of African cichlids 
is that they inherited from distant ancestors a 
trove of genetic variation for sensory systems 
and male signals, possibly contributed during 
the inferred episode of interbreeding 20,000 
years ago. This variation is entrained again 
and again in speciation events. To systematists, 
these events represent independent nodes on 
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45 million and 25 million years ago, a trend accompanied by glaciation at 
the poles. Modelling results suggest when and where the ice closed in. 


As atmospheric carbon dioxide is predicted to 
rise to concentrations not seen in perhaps 25 
million years (Myr)’, scientists are working to 
understand the impact on Earth's climate and 
ice sheets. This requires a shift in perspective: 
geologists typically use the present as a key to 
the past, but in this case the past might well be 
the key to predicting how climate will change 
in the future. 

The concentration of CO, in the atmos- 
phere is predicted to increase to between 500 
and 900 parts per million (p.p.m.) by the end 
of this century. Geochemical proxies indicate 
that the last time CO, levels were that high was 
about 45 to 25 Myr ago’. This was when Earth 
changed from a generally ice-free ‘greenhouse 
world’ to a more heavily glaciated ‘icehouse 
world”, with atmospheric CO, gradually 
decreasing from more than 1,000 p.p.m. to 
near pre-industrial levels (280 p.p.m.)'. So how 
did the falling atmospheric CO, concentra- 
tions affect ice-sheet development during this 
period? On page 652 of this issue, DeConto 
et al.’ use numerical modelling to constrain the 
timing of the initiation of glaciation in relation 
to decreasing levels of CO,. Their results not 
only address a long-standing geological debate, 
but are also relevant to today’s discussion about 
climate change. 

Given the current interest in the effects of 
CO, on climate, it may be surprising to learn 
that there is a great deal of uncertainty about 
the extent of ice sheets, and the causal factors in 
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their development, during the last period when 
atmospheric CO, concentrations reached lev- 
els as high as those predicted for the end of this 
century. Some information can be gleaned by 
studying the remains of shells from foramini- 
fers — single-celled marine organisms — of 
that period. The ratio of oxygen isotopes in the 
shells depends on both the temperature and 
the isotopic composition of the water in which 
the foraminifers lived. The isotopic composi- 
tion, in turn, was controlled by the ice volume 
at the poles, and by the evaporation-precipita- 
tion history of the water when it was near the 
ocean's surface. By contrast, the ratio of mag- 
nesium to calcium in the shells is controlled 
mainly by the seawater temperature alone. By 
measuring the two ratios, the isotopic compo- 
sition of sea water can be calculated and used 
to constrain the polar ice volume for the period 
in which the foraminifers were alive. 

The data suggest”® that the ice volume was 
much larger than could be reasonably placed on 
the Antarctic continent. These high ice-volume 
estimates, combined with evidence of ice-rafted 
debris off the coast of Greenland, raise the 
possibility that glaciation in the Northern Hemi- 
sphere might have developed about 40 Myr 
earlier than was previously thought (that is, up 
to 44 Myr ago, rather than 3 Myr ago). 

DeConto et al.* cast fresh light on this issue. 
They developed a model of global climate and 
of ice-sheet formation that incorporates the 
decreasing levels of atmospheric CO, found 
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45 to 25 Myr ago, the oxygen-isotope compo- 
sition of ancient glacial ice, and the expected 
effects of these parameters on deep-sea records 
from foraminifers. Their results show that 
continental-scale Antarctic glaciation would 
not have developed until CO, concentrations 
reached about 750 p.p.m. — which occurred in 
the early Oligocene period, 34 to 32 Myr before 
present (Fig. 1). However, they also predict that 
the threshold for significant ice-sheet devel- 
opment in the Northern Hemisphere is much 
lower (280 p.p.m.), and would have occurred 
about 25 Myr ago. 

Theauthors’ results show that, for glaciation 
to have occurred in the Northern Hemisphere, 
the drop in CO, at the start of the Oligocene 
must have resulted in CO, concentrations far 
below those estimated by geochemical prox- 
ies. They conclude that a unipolar glacial world 
developed for the first time about 34 Myr ago, 
coeval with a decrease in water temperature at 
the sea bottom that was not registered in pre- 
viously recorded proxy data. These findings 
are supported by new data from pristinely 
preserved foraminiferal shells of that period, 
which show that significant bottom-water cool- 
ing must have occurred at the same time that 
Antarctic ice sheets grew to near modern-day 
volumes’. The new foraminiferal data are also 
in good agreement with stratigraphic records 
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of sea-level change from sediments that were 
deposited on mid- to low-latitude continental 
margins*”. 

DeConto and colleagues* also show that, at 
the CO, concentrations that occurred during 
the middle to late Eocene epoch (45 to 34 Myr 
ago), small, ephemeral ice sheets could have 
existed on the highlands of Antarctica — even 
though CO, concentrations were up to six 
times those of pre-industrial levels. Their 
conclusions are consistent with ice-volume 
estimates from stratigraphic records from non- 
polar continental margins”. Similarly, the 
authors demonstrate that small, isolated sheets 
of glacial ice could have formed in the North- 
ern Hemisphere during the cooler intervals of 
the Eocene and Oligocene, especially during 
periods when variations in Earth’s orbit pro- 
duced relatively cold northern summers. This 
could explain why ice-rafted debris existed off 
the coast of Greenland during the late-middle 
Eocene (about 44 Myr ago)° without having to 
invoke the presence of massive continental ice 
sheets. The transient glacial ice in the North- 
ern Hemisphere might have left a sedimentary 
record, but would have had insufficient volume 
to be detectable in oxygen-isotope records. 

One of DeConto and colleagues’ more 
intriguing conclusions is that, once CO, 
reached near present-day concentrations (about 
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Figure 1| Atmospheric carbon dioxide at the start of large-scale glaciation. About 34 million years 
(Myr) ago, Earth changed from a greenhouse world (which was generally ice-free) to an icehouse 
world (which was heavily glaciated). a, The concentration of atmospheric CO, during this period 
declined drastically, reaching pre-industrial levels (280 p.p.m., dashed line) about 25 Myr ago. Grey 
shaded areas represent the uncertainty in the estimates; the red shading shows the range of CO, 
values predicted for the latter part of this century’. Estimates of CO, concentrations are taken from 
ref. 1. b, Global sea level shows a downward trend. Zero represents sea level when Antarctica is fully 
glaciated, and increasing values indicate higher sea level (that is, lower ice volume). DeConto and 
colleagues’ model’ of global climate and ice-sheet formation suggests that, when Earth was a 
greenhouse world, short-lived glacial formation could occur at a small scale. But when Earth 
entered its icehouse phase, a large, continental-sized ice sheet formed, with a correlated lowering of 
the sea level. Apparent sea-level (ASL) estimates from 45 to 34 Myr ago are modified from ref. 9; 
ASL estimates from 34 to 16 Myr ago are modified from ref. 8. 
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25 Myr ago), large ice sheets could develop in 
the Northern Hemisphere during favourable 
orbits of the Earth. Given that the East Ant- 
arctic Ice Sheet is believed to have responded 
little to changes in climate once it reached near- 
continental size'!””, the large variations in ice- 
volume indicated in isotopic and stratigraphic 
records® younger than 25 Myr old could there- 
fore be explained in part by episodic ice-sheet 
growth in the Northern Hemisphere. This sug- 
gests that substantial ice growth in the Northern 
Hemisphere might have started up to 20 Myr 
earlier than previously believed — up to 25 Myr 
ago, rather than in the Miocene to the Pleiocene 
epochs 7 to 3 Myr ago. But there is currently 
scant evidence to suggest that large amounts of 
glacial ice existed in the Northern Hemisphere 
before the late Miocene. In addition, the large 
changes in ice volume suggested by proxy data 
for the period in which CO, reached near- 
present-day concentrations (less than 25 Myr 
ago) do not bode well for long-term sea-level 
changes in the future, as they suggest that small 
variations in CO, might have large effects on 
ice volume. 

With such a paucity of information about the 
timing of Earth’s ice development (especially in 
the Northern Hemisphere), there is a clear need 
for data from high-latitude sites in the North- 
ern Hemisphere and around Antarctica to test 
DeConto and colleagues’ conclusions. Fortu- 
nately, help is on its way, as several upcoming 
projects’ ** will target strata from the green- 
house-icehouse transition in Antarctica, and 
are expected to provide additional insight into 
ice-sheet development in the region during this 
critical time interval. . 
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REGENERATIVE MEDICINE 


Short cut to cell replacement 


Robert Blelloch 


To make one differentiated cell type from another, a ‘stopover’ at an 
undifferentiated state is often required. An alternative method offering an 
efficient direct route could have implications for disease treatment. 


Regenerative medicine aims to repair diseased 
or damaged tissues by replacing the affected 
cells with healthy, functional cells of the same 
type. The prospects of this discipline have been 
boosted by the promise of embryonic stem (ES) 
cells, which are pluripotent — that is, they can 
differentiate into any cell type — and which 
can be maintained in culture to ‘self-renew’ 
indefinitely. Indeed, recent breakthroughs 
both in the production of patient-specific ES- 
like cells and in inducing the differentiation 
of ES cells into functional adult tissues have 
provided further hope’. Like all promising 
therapies, however, the use of ES cells has 
its challenges, among them the difficulties 
associated with efficiently transplanting and 
integrating the generated tissue into the physi- 
ological framework of the body. On page 627 
of this issue, Zhou et al.” describe an approach 
whereby differentiated adult cells of one type 
can be directly and efficiently converted into 
functional cells of another type within an 
organism and without the need to first repro- 
gram them into an ES-cell-like state. 

As an organism develops, its cells become 
increasingly specialized, losing their develop- 
mental potential (Fig. 1a). This differentiation 
process involves silencing of gene networks 
that are no longer needed and activation of 
other specific networks. These networks are 
regulated at various levels. First, the RNA and 
protein composition of a cell drives a spe- 
cific gene-expression program that is often 
self-reinforcing. Second, the packaging of 
DNA — the epigenetic program — affects the 
access of gene transcription factors to specific 
genomic regions. Finally, in exceptional cases, 
the DNA sequence itself can be irreversibly 
altered. Each of these mechanisms further 
locks down the developmental potential of the 
differentiating cell. 

For many years, it was presumed that once a 
cell differentiates, it burns all bridges behind it. 
But the discovery, first in amphibians and then 
mammals, that a fully differentiated cell can 
be manipulated to ‘dedifferentiate’ (Fig. 1b), 
and revert to a state resembling that of an 
early embryonic cell, proved this presumption 
incorrect. Dedifferentiation can be triggered by 
either placing the nucleus ofa differentiated cell 
in the cytoplasmic milieu of an egg cell’ or —as 
was shown relatively recently* — by introduc- 
ing just four specific transcription factors into 
the differentiated cell. The latter finding has 
given a huge boost to the field of regenerative 
medicine as it indicates that the production of 
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a Differentiation 


b_ Dedifferentiation/differentiation 


¢€ Transdifferentiation 


Figure 1| The regenerative-medicine 

toolbox. a, During development, non- 
specialized cells with a broad developmental 
potential differentiate into various highly 
specialized cells that have limited developmental 
potential. b, Nonetheless, in the lab, these highly 
specialized cells can be induced to dedifferentiate 
— that is, revert back to an earlier stem-cell 

fate with a broad developmental potential. 

The cells generated in this way can then be 
triggered to differentiate into another cell type. 
c, Alternatively, in some circumstances, as 

Zhou et al.” show, a highly specialized cell can 

be induced to transdifferentiate into another 
specialized cell, bypassing the intermediate step 
of dedifferentiation. 


pluripotent cells from many sources, including 
patients with specific diseases”®, can be rela- 
tively straightforward. A crucial goal now is to 
ensure the safety of such induced pluripotent 
stem cells and to differentiate them into cells 
that can be used to repair damaged tissue. 
Transdifferentiation — the direct conver- 
sion of one differentiated cell type to another 
(Fig. 1c) — provides an alternative strategy for 
repairing damaged tissue. In the early 2000s, 
this approach received a lot of publicity when 
several reports suggested that transdifferentia- 
tion occurs spontaneously across a wide range 
of tissues’. It was soon realized, however, that 
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what was perceived as spontaneous transdiffer- 
entiation was, in fact, the result of cell fusion’. 
Although this realization dampened the gen- 
eral excitement, it did not deter many research- 
ers, who continued to pursue the possibility of 
inducing transdifferentiation through the intro- 
duction of specific ‘master regulators’ to cells. 

In the field of diabetes, for example, efforts 
were concentrated on generating pancreatic 
insulin-producing 6-islet cells by inducing 
transdifferentiation of liver cells®. In 2003, two 
groups reported” that when the gene for either 
of the transcription factors Pdx1 or NeuroD1 
— the latter was used together with the growth 
factor betacellulin — is directly introduced into 
the liver of adult mice (using adenoviruses as 
gene vectors), liver cells transform into long- 
lived insulin-producing cells. Moreover, these 
transdifferentiated cells could correct high 
blood-glucose levels following chemically 
induced injury of B-islet cells. Nonetheless, 
the efficiency of this approach was low, and it 
was unclear which liver-cell type underwent 
transdifferentiation. 

Zhou et al.” now elegantly marry previous 
approaches used for inducing transdifferentia- 
tion with those that led to the discovery of the 
four main transcription factors required for 
dedifferentiation*. The outcome is efficient 
production of B-islet-like cells from a distinct, 
highly specialized cell type in the pancreas 
known as exocrine cells. 

Using previous data from many labs”’, the 
authors identified nine genes that are essential 
to the embryonic development of B-cells. They 
used adenoviruses to introduce different com- 
binations of these nine genes into the pancreas 
of adult mice and found that the introduction 
of a set of three transcription factors (Ngn3, 
Pdx1 and Mafa) induces transdifferentiation of 
an impressive 20% of the manipulated exocrine 
cells into B-islet-like cells. The authors used a 
combination of cellular markers and lineage- 
tracing experiments to prove that the cells that 
underwent transdifferentiation were, indeed, 
exocrine cells. 

Zhou and colleagues’ transdifferentiated 
B-islet cells resemble these cells’ natural coun- 
terparts in several important aspects, including 
the proteins they express; their morphology; 
and their ability to secrete active insulin, which 
could diminish high blood-glucose levels fol- 
lowing chemically induced pancreatic injury. 
However, unlike their natural counterparts, 
these cells do not form, or become incorpo- 
rated into, islets — islands consisting of B-islet 
cells, other endocrine cells and blood vessels. 
Nonetheless, they do form intimate contacts 
with blood vessels, presumably allowing them 
to sense blood-glucose levels and release insu- 
lin into the circulation accordingly. 

These exciting results lead to many intrigu- 
ing questions. For instance, does transdifferen- 
tiation involve epigenetic reprogramming or 
is the nuclear content of exocrine cells already 
permissive for the activation of the tran- 
scriptional program required for B-islet-cell 
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formation? And how developmentally distant 
can the cell of origin and the target cell be for 
this approach to work? Exocrine cells and B- 
islet cells share a common precursor. When 
Zhou et al. used the same factors to induce 
transdifferentiation of more distantly related 
fibroblast cells or muscle cells into the B-islet- 
like cells, the approach failed. Could it be that 
the inclusion of other factors allows transdif- 
ferentiation of more distantly related cells? 
Considering the many problems associated 
with the use of viral vectors in gene therapy”, 
finding alternative ways to induce the expres- 
sion of the three transcription factors in the 
exocrine cells of an organism would be 
especially useful. Can the virus-mediated 
introduction of genes for Ngn3, Pdx1 and Mafa 


be substituted with transient introduction of 
non-DNA elements such as RNAs, recombinant 
proteins or chemical mimics of these factors, 
which may be safer? Indeed, the transdifferenti- 
ation process that Zhou et al. describe occurred 
rapidly and did not require ongoing expression 
of the virally introduced genes, suggesting that 
transient non-DNA-based approaches might 
succeed. No matter what the answers to these 
questions are, the authors’ findings” remind us 
that the field of regenerative medicine must pur- 
sue several strategies to uncover the best thera- 
peutic solutions to degenerative diseases. 
Robert Blelloch is at the Institute for Regeneration 
Medicine, Center for Reproductive Sciences, 

and Department of Urology, University of 
California, San Francisco, San Francisco, 


California 94143-0525, USA. 
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AIDS 


Prehistory of HIV-1 


Paul M. Sharp and Beatrice H. Hahn 


The origin of the current AIDS pandemic has been a subject of great interest 
and speculation. Viral archaeology sheds light on the geography and 
timescale of the early diversification of HIV-1in humans. 


Human immunodeficiency virus type 1 (HIV-1) 
must have been spreading through the 
human population long before AIDS was first 
described in 1981, but very few strains from 
this ‘prehistoric’ period (pre- 1980s) have been 
characterized. Viral sequences from earlier 
times can provide insight into the early spread 
of HIV-1, because the rapid rate of evolution of 
this virus — up to a million times faster than 
that of animal DNA — means that substan- 
tial amounts of sequence change occur in a 
matter of decades’. On page 661 of this issue, 
Worobey et al.” describe the sequences of par- 
tial genome fragments of HIV-1 from a lymph- 
node biopsy collected in 1960 in Léopoldville 
(now Kinshasa, Democratic Republic of the 
Congo). They compare these sequences with 
those of other HIV-1 strains, shedding light on 
the early evolution and diversification of this 
virus in Africa. 

HIV-1 strains are divided into three groups, 
each of which was independently derived from 
a simian immunodeficiency virus (SIV) that 
naturally infects chimpanzees in west-central 
Africa’. Whereas two of these groups are rare, 
the third, group M, has spread throughout the 
world and is the cause of more than 95% of 
HIV infections globally. Group M can be fur- 
ther divided into many subtypes (A-K), which 
seem to have arisen through founder events. 
For example, subtype B, which encompasses 
all the strains originally described in North 
America and Europe, is very rare in Africa, 
and reflects such a founder event. Last year, 
Worobey and colleagues showed" that this 
subtype probably arose from a single strain 


that was carried from Africa to Haiti before 
spreading to the United States and onwards. 
The newly described’ 1960 virus (DRC60) 
falls within, but close to the ancestor of, 
subtype A. 

DRC60 is not the first ‘ancient’ HIV-1 sam- 
ple to be characterized: viral sequences from 
a blood-plasma sample originally obtained in 
1959 — also from Léopoldville — were pub- 
lished 10 years ago’. The importance of DRC60 
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is that it is highly divergent from the 1959 
sample (ZR59), which was most closely related 
to the ancestor of subtype D, thus directly 
demonstrating that, by 50 years ago, group M 
HIV-1 strains had already undergone substan- 
tial diversification. 

The ZR59 and DRC60 sequences differ by 
about 12%, a value similar to distances now 
seen between the most divergent strains within 
subtypes. As the positions of ZR59 and DRC60 
within the group M phylogeny indicate that the 
various subtypes already existed 50 years ago, 
simple extrapolation suggests that these two 
viral sequences had a common ancestor at least 
50 years before that. For a more robust estimate 
of the date of the common ancestor of HIV-1 
group M strains, Worobey and colleagues used 
state-of-the-art statistical analyses, allowing a 
variety of models for the growth of the HIV-1 
pandemic and variable rates of evolution. 
The different analyses gave broadly similar 


Figure 1| Origin of pandemic HIV-1. a, Map of west-central Africa showing major rivers, and cities 
with explosive population growth in the twentieth century. Chimpanzees carrying the SIV strains 
most closely related to the viruses of HIV-1 group M, such as that described by Worobey et al.’, have 
been found in southeast Cameroon (red ring). b, Léopoldville in 1896 (view from Mount Léopold) 
and ¢, around 1955 (the commercial centre).(Photos F. L. Michel (b) and C. Lamote (c), collection 
of the Royal Museum for Central Africa, Tervuren, Belgium.) 
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formation? And how developmentally distant 
can the cell of origin and the target cell be for 
this approach to work? Exocrine cells and B- 
islet cells share a common precursor. When 
Zhou et al. used the same factors to induce 
transdifferentiation of more distantly related 
fibroblast cells or muscle cells into the B-islet- 
like cells, the approach failed. Could it be that 
the inclusion of other factors allows transdif- 
ferentiation of more distantly related cells? 
Considering the many problems associated 
with the use of viral vectors in gene therapy”, 
finding alternative ways to induce the expres- 
sion of the three transcription factors in the 
exocrine cells of an organism would be 
especially useful. Can the virus-mediated 
introduction of genes for Ngn3, Pdx1 and Mafa 


be substituted with transient introduction of 
non-DNA elements such as RNAs, recombinant 
proteins or chemical mimics of these factors, 
which may be safer? Indeed, the transdifferenti- 
ation process that Zhou et al. describe occurred 
rapidly and did not require ongoing expression 
of the virally introduced genes, suggesting that 
transient non-DNA-based approaches might 
succeed. No matter what the answers to these 
questions are, the authors’ findings” remind us 
that the field of regenerative medicine must pur- 
sue several strategies to uncover the best thera- 
peutic solutions to degenerative diseases. 
Robert Blelloch is at the Institute for Regeneration 
Medicine, Center for Reproductive Sciences, 
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The origin of the current AIDS pandemic has been a subject of great interest 
and speculation. Viral archaeology sheds light on the geography and 
timescale of the early diversification of HIV-1in humans. 


Human immunodeficiency virus type 1 (HIV-1) 
must have been spreading through the 
human population long before AIDS was first 
described in 1981, but very few strains from 
this ‘prehistoric’ period (pre- 1980s) have been 
characterized. Viral sequences from earlier 
times can provide insight into the early spread 
of HIV-1, because the rapid rate of evolution of 
this virus — up to a million times faster than 
that of animal DNA — means that substan- 
tial amounts of sequence change occur in a 
matter of decades’. On page 661 of this issue, 
Worobey et al.” describe the sequences of par- 
tial genome fragments of HIV-1 from a lymph- 
node biopsy collected in 1960 in Léopoldville 
(now Kinshasa, Democratic Republic of the 
Congo). They compare these sequences with 
those of other HIV-1 strains, shedding light on 
the early evolution and diversification of this 
virus in Africa. 

HIV-1 strains are divided into three groups, 
each of which was independently derived from 
a simian immunodeficiency virus (SIV) that 
naturally infects chimpanzees in west-central 
Africa’. Whereas two of these groups are rare, 
the third, group M, has spread throughout the 
world and is the cause of more than 95% of 
HIV infections globally. Group M can be fur- 
ther divided into many subtypes (A-K), which 
seem to have arisen through founder events. 
For example, subtype B, which encompasses 
all the strains originally described in North 
America and Europe, is very rare in Africa, 
and reflects such a founder event. Last year, 
Worobey and colleagues showed" that this 
subtype probably arose from a single strain 


that was carried from Africa to Haiti before 
spreading to the United States and onwards. 
The newly described’ 1960 virus (DRC60) 
falls within, but close to the ancestor of, 
subtype A. 

DRC60 is not the first ‘ancient’ HIV-1 sam- 
ple to be characterized: viral sequences from 
a blood-plasma sample originally obtained in 
1959 — also from Léopoldville — were pub- 
lished 10 years ago’. The importance of DRC60 
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is that it is highly divergent from the 1959 
sample (ZR59), which was most closely related 
to the ancestor of subtype D, thus directly 
demonstrating that, by 50 years ago, group M 
HIV-1 strains had already undergone substan- 
tial diversification. 

The ZR59 and DRC60 sequences differ by 
about 12%, a value similar to distances now 
seen between the most divergent strains within 
subtypes. As the positions of ZR59 and DRC60 
within the group M phylogeny indicate that the 
various subtypes already existed 50 years ago, 
simple extrapolation suggests that these two 
viral sequences had a common ancestor at least 
50 years before that. For a more robust estimate 
of the date of the common ancestor of HIV-1 
group M strains, Worobey and colleagues used 
state-of-the-art statistical analyses, allowing a 
variety of models for the growth of the HIV-1 
pandemic and variable rates of evolution. 
The different analyses gave broadly similar 


Figure 1| Origin of pandemic HIV-1. a, Map of west-central Africa showing major rivers, and cities 
with explosive population growth in the twentieth century. Chimpanzees carrying the SIV strains 
most closely related to the viruses of HIV-1 group M, such as that described by Worobey et al.’, have 
been found in southeast Cameroon (red ring). b, Léopoldville in 1896 (view from Mount Léopold) 
and ¢, around 1955 (the commercial centre).(Photos F. L. Michel (b) and C. Lamote (c), collection 
of the Royal Museum for Central Africa, Tervuren, Belgium.) 
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estimates for the date of that common ancestor, 
between 1902 and 1921, with 95% confidence 
intervals ranging no later than 1933. These 
dates are a little earlier than, but do not dif- 
fer significantly from, a previous estimate’ of 
1931 from an analysis that did not include the 
50-year-old viruses. 

The interpretation that HIV-1 was spreading 
among humans for 60-80 years before AIDS 
was first recognized should not be surprising. If 
the epidemic grew roughly exponentially from 
only one or a few infected individuals around 
1910 to the more than 55 million estimated to 
have been infected by 2007, there were probably 
only a few thousand HIV-infected individuals 
by 1960, all in central Africa. Given the diverse 
array of symptoms characteristic of AIDS, and 
the often-long asymptomatic period following 
infection, it is easy to imagine how the nascent 
epidemic went unrecognized. Conversely, such 
a low prevalence at that time implies that the 
Congolese co-authors of the paper’ were very 
lucky to come across this infected sample, 
even if most infections were concentrated in 
the area of Léopoldville. But can we trust these 
sequences? 

In work on ancient DNA, contamination is 
especially problematic, and the work should, if 
possible, be replicated in other laboratories. For 
DRC60, independent analyses were performed 
at the University of Arizona and Northwestern 
University, Illinois. The sequences obtained 
were similar, but not identical, exactly as 
expected when samples come from the diverse 
set of related viral sequences that — because 
of the virus’s rapid rate of evolution — arise 
within an infected individual®. Furthermore, 
the distance along the evolutionary tree from 
the group M ancestor to the ZR59 or DRC60 
sequences is much shorter than those between 
the ancestor and modern strains, consistent 
with the earlier dates of isolation of ZR59 and 
DRC60, and confirming that these viruses are 
indeed old. 

Although the ZR59 and DRC60 sequences 
can show only that two subtypes were present 
in Léopoldville around 1960, in more recent 
times the greatest diversity of group M 
subtypes — as well as many divergent strains 
that have not been classified — has been found 
in Kinshasa’. So it seems likely that all of the 
early diversification of HIV-1 group M viruses 
occurred in the Léopoldville area. Yet the SIV 
strains most closely related to HIV-1 group 
M have been found infecting chimpanzees in 
the southeast corner of Cameroon’, some 700 
kilometres away (Fig. 1a). The simplest expla- 
nation for how SIV jumped to humans would 
be through exposure of humans to the blood of 
chimpanzees butchered locally for bushmeat. 
So why did the pandemic start in Léopoldville? 
And, as there must have been many opportuni- 
ties for such transmission over past millennia, 
why did the AIDS pandemic not occur until 
the twentieth century? 

The answer may be that, for an AIDS 
epidemic to get kick-started, HIV-1 needs to 
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be seeded in a large population centre. But 
cities of significant size did not exist in central 
Africa before 1900. Worobey and colleagues” 
reproduce demographic data showing the rapid 
growth of cities in west-central Africa during 
the twentieth century. Léopoldville was not 
only the largest of these cities, but also a likely 
destination for a virus escaping from southeast 
Cameroon. In the early 1900s, the main routes 
of transportation out of that remote forest 
region were rivers; those surrounding this area 
flow south, ultimately draining into the Congo 
River, and leading to Léopoldville (Fig. 1). 
The date estimates of Worobey et al. are for 
an ancestral virus, present in the first indi- 
vidual to give rise to separate transmission 
chains that still exist today. We may never 
know how many individuals were infected in 
the previous transmission chain, the one that 
led from the person initially infected with SIV 


to the progenitor of the current pandemic in 
humans. This exception aside, we can now 
paint a remarkably detailed picture of the time 
and place of origin of HIV-1 group M viruses 
and their early diversification, and thus of the 
prehistory of the AIDS pandemic. a 
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A general method for detecting nuclear magnetic resonance signals from 
a single molecule has so far been elusive. Magnetic sensors that exploit 
crystal imperfections in diamond might make such a method a reality. 


The phenomenon of nuclear magnetic 
resonance (NMR), which results from the inter- 
action of the spin of an atomic nucleus with an 
external magnetic field, has successfully been 
exploited in such disparate techniques as the 
structural analysis of molecules (NMR spec- 
troscopy) and structural and functional analysis 
of the human body (NMR imaging), thus span- 
ning length-scales from angstroms to metres. 
But these techniques have remained mostly 
bulk methods, in that they usually require 
more than a billion spins. Writing in this issue, 
Maze et al.’ (page 644) and Balasubramanian 
et al.” (page 648) describe a new approach to 
NMR detection that exploits a single spin 
associated with a crystal imperfection — a 
‘nitrogen-vacancy centre’ — in diamond to 
achieve unprecedented magnetic-field sensi- 
tivity on the nanometre scale. Crucially, the 
approach works at room temperature, a key 
requirement for biological applications. 

The ideal imaging technique would be pas- 
sive, applicable to all materials, and have spatial 
resolution on the atomic scale. In fact, nature 
provides us with the means for achieving such 
imaging. Electrons and many nuclei have a 
finite magnetic moment associated with their 
spins, and thus create weak magnetic fields 
around themselves. All one needs, then, is a 
magnetic sensor with high enough sensitivity 
to measure these fields. 

Several magnetometry techniques have 
been considered for this purpose, but they 
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mostly fall short of the required sensitivity. The 
sensitivity of existing magnetic-field sensors 
improves with their characteristic length-scale 
(r) approximately to the power 3/2 (7°). But 
the magnetic field generated by the magnetic 
moment of a single electron or proton drops 
with the third power of the distance from the 
spin (r~*). Thus, the best hope for detecting 
magnetic fields from single spins comes from 
sensors on the nanometre scale. 

A milestone in this direction was achieved 
a few years ago when a cantilever with a 
magnetic tip was used to detect the magnetic 
field created by the spin of a single electron’. 
Further improvements to this approach, 
known as magnetic resonance force micros- 
copy (MRFM), might allow detection of the 
magnetic field produced by a single nuclear 
spin, which is a thousand times smaller 
than that produced by an electron’s spin. But 
MRFM remains a challenging method because 
it requires a cryogenic environment and 
prolonged data averaging. 

Optical methods involving scattering of light 
have long been used to study single particles. 
This is because it is relatively straightforward 
to detect individual photons. In some atomic 
systems, the scattering of photons can be made 
to depend on the direction of the particle’s spin, 
allowing individual spins to be detected. Such 
methods have been used to detect electron 
magnetic resonance signals from a single opti- 
cally active molecule*”, but they cannot be used 
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estimates for the date of that common ancestor, 
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occurred in the Léopoldville area. Yet the SIV 
strains most closely related to HIV-1 group 
M have been found infecting chimpanzees in 
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chimpanzees butchered locally for bushmeat. 
So why did the pandemic start in Léopoldville? 
And, as there must have been many opportuni- 
ties for such transmission over past millennia, 
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be seeded in a large population centre. But 
cities of significant size did not exist in central 
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Cameroon. In the early 1900s, the main routes 
of transportation out of that remote forest 
region were rivers; those surrounding this area 
flow south, ultimately draining into the Congo 
River, and leading to Léopoldville (Fig. 1). 
The date estimates of Worobey et al. are for 
an ancestral virus, present in the first indi- 
vidual to give rise to separate transmission 
chains that still exist today. We may never 
know how many individuals were infected in 
the previous transmission chain, the one that 
led from the person initially infected with SIV 


to the progenitor of the current pandemic in 
humans. This exception aside, we can now 
paint a remarkably detailed picture of the time 
and place of origin of HIV-1 group M viruses 
and their early diversification, and thus of the 
prehistory of the AIDS pandemic. a 
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A general method for detecting nuclear magnetic resonance signals from 
a single molecule has so far been elusive. Magnetic sensors that exploit 
crystal imperfections in diamond might make such a method a reality. 


The phenomenon of nuclear magnetic 
resonance (NMR), which results from the inter- 
action of the spin of an atomic nucleus with an 
external magnetic field, has successfully been 
exploited in such disparate techniques as the 
structural analysis of molecules (NMR spec- 
troscopy) and structural and functional analysis 
of the human body (NMR imaging), thus span- 
ning length-scales from angstroms to metres. 
But these techniques have remained mostly 
bulk methods, in that they usually require 
more than a billion spins. Writing in this issue, 
Maze et al.’ (page 644) and Balasubramanian 
et al.” (page 648) describe a new approach to 
NMR detection that exploits a single spin 
associated with a crystal imperfection — a 
‘nitrogen-vacancy centre’ — in diamond to 
achieve unprecedented magnetic-field sensi- 
tivity on the nanometre scale. Crucially, the 
approach works at room temperature, a key 
requirement for biological applications. 

The ideal imaging technique would be pas- 
sive, applicable to all materials, and have spatial 
resolution on the atomic scale. In fact, nature 
provides us with the means for achieving such 
imaging. Electrons and many nuclei have a 
finite magnetic moment associated with their 
spins, and thus create weak magnetic fields 
around themselves. All one needs, then, is a 
magnetic sensor with high enough sensitivity 
to measure these fields. 

Several magnetometry techniques have 
been considered for this purpose, but they 
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mostly fall short of the required sensitivity. The 
sensitivity of existing magnetic-field sensors 
improves with their characteristic length-scale 
(r) approximately to the power 3/2 (7°). But 
the magnetic field generated by the magnetic 
moment of a single electron or proton drops 
with the third power of the distance from the 
spin (r~*). Thus, the best hope for detecting 
magnetic fields from single spins comes from 
sensors on the nanometre scale. 

A milestone in this direction was achieved 
a few years ago when a cantilever with a 
magnetic tip was used to detect the magnetic 
field created by the spin of a single electron’. 
Further improvements to this approach, 
known as magnetic resonance force micros- 
copy (MRFM), might allow detection of the 
magnetic field produced by a single nuclear 
spin, which is a thousand times smaller 
than that produced by an electron’s spin. But 
MRFM remains a challenging method because 
it requires a cryogenic environment and 
prolonged data averaging. 

Optical methods involving scattering of light 
have long been used to study single particles. 
This is because it is relatively straightforward 
to detect individual photons. In some atomic 
systems, the scattering of photons can be made 
to depend on the direction of the particle’s spin, 
allowing individual spins to be detected. Such 
methods have been used to detect electron 
magnetic resonance signals from a single opti- 
cally active molecule*”, but they cannot be used 
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in most samples because they lack convenient 
optical transitions. 

To develop a more general method, it is 
possible to use one spin with optical readout 
as a detector of the magnetic fields created by 
the spins in the sample under analysis (Fig. 1). 
To achieve sufficient sensitivity, the interac- 
tion between spins must persist for a relatively 
long time. This requires both the detector and 
the sample spins to have long spin-coherence 
times, so that their direction is only occasion- 
ally perturbed by quantum fluctuations. There 
are many techniques for achieving long spin- 
coherence times in atomic systems, even fora 
single spin that is held, for example, in a laser 
trap. However, it is generally impossible to 
bring a sample within nanometres of such spin 
without disrupting the trapping mechanism. 

This is where the properties of nitrogen- 
vacancy centres in diamond become useful. 
Recent work’ has shown that a spin-coherence 
time of the order of a millisecond can be 
achieved in such a solid-state system. Even in 
diamond nanocrystals that are tens of nano- 
metres across, the spin-coherence time is not 
dramatically reduced. Furthermore, initializa- 
tion and detection of the spin’s direction can be 
achieved at room temperature, so a diamond 
magnetometer can be placed within tens of 
nanometres of a biologically active sample. 

Such long spin-coherence times can only be 
achieved by periodically flipping the direction 
of the spin, a technique known as spin echo, 
which averages out external fluctuations. With 
this technique, which was first used in nitrogen- 
vacancy centres for quantum-computing appli- 
cations’, Maze et al.! describe a magnetometer 
with a single nitrogen-vacancy centre in both 
a bulk diamond and a nanocrystal. The mag- 
netometer is sensitive to magnetic fields that 
oscillate at the frequency of the spin-echo rep- 
etition rate, typically in the kilohertz range. 
After collecting light from the nitrogen-vacancy 
centre for 100 seconds, Maze and colleagues 
obtained a magnetic-field sensitivity as low as 
3 nanotesla, equal to the magnetic field about 100 
nanometres from a single electron, or 10 nano 
metres from a single proton. This is con- 
siderably better than has been achieved with 
other techniques, such as MRFM, on the 
nanometre scale. 

Balasubramanian et al.’ operate a nitrogen- 
vacancy diamond magnetometer placed next to 
amagnetic tip, creating a strong magnetic-field 
gradient. Because the magnetometer relies on 
a single, well-localized spin, its magnetic reso- 
nance is not broadened by the steep spatial vari- 
ation of the magnetic field. Such a high gradient 
could allow magnetic-resonance imaging with 
sub-nanometre resolution. As a first step in this 
direction, Balasubramanian and colleagues 
locate the position of the nitrogen-vacancy 
centre itself with a spatial resolution of 5 nano- 
metres by measuring its resonance frequency. 

A combination of the techniques devel- 
oped by Maze et al.' and Balasubramanian et 
al.’ could lead to the detection and imaging of 
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Figure 1| Optical spin detection using a diamond 
defect in a nanocrystal. The atomic spin (red 
arrow) ina crystal defect — a nitrogen-vacancy 
centre — in a diamond nanoparticle can be 
manipulated with light. It responds to the 
magnetic field generated by the spins in a sample, 
thus changing the light scattering rate. A strong 
magnetic-field gradient produced by a magnetic 
tip selects spins with magnetic resonance in 

a narrow slice of the sample. Maze et al.’ and 
Balasubramanian et al.” have implemented parts 
of this scheme individually. Integration of these 
techniques could lead to detection of nuclear 
magnetic resonance from a single spin. 


individual nuclear spins, which would poten- 
tially allow the determination of the structure of 
asingle molecule. Crucially, both experiments 
were performed at room temperature, so bio- 
logical applications such as the determination 
of protein structures or detailed imaging of the 
internal structure of a living cell seem feasible. 
Manipulation of spin in diamond is a 


fast-developing research area, and many 
avenues remain to be explored. For example, 
longer spin-coherence times could be achieved 
using artificial diamond crystals that have a 
reduced abundance of the carbon-13 isotope, 
which creates magnetic fields that perturb the 
sensor. Another point to note is that the NMR 
signal on very small length-scales is effectively 
increased because of quantum fluctuations. As 
the number of spins (N) decreases, their quan- 
tum fluctuations, which scale as N", become 
relatively larger®. By resolving individual spins, 
one can obtain NMR signals that correspond 
to nearly complete spin polarization even ina 
low magnetic field, alleviating the current need 
for strong superconducting magnets in NMR 
detection, which can polarize only 1 spin in 10°. 
Although integration of nitrogen-vacancy spin- 
echo techniques with the conditions necessary 
for NMR remains to be demonstrated, diamond 
magnetometers seem to provide a promising 
route towards single-spin NMR detection. ™ 
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Fragile dopamine 
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Dopamine dysfunction, which is implicated in Parkinson's disease and drug 
addiction, seems an unlikely culprit in fragile X syndrome. A surprising set 


of findings means a rethink is required. 


Fragile X syndrome is the commonest inherited 
form of mental retardation, with the patients 
often also having autism and attention-deficit 
hyperactivity disorder’. It is usually caused 
by the absence of the protein FMRP, which is 
encoded by FMRI, a gene on the X chromo- 
some. Although FMRP function is not well 
understood, most studies concur that it is a 
selective RNA-binding protein that modu- 
lates the translation of its target messenger 
RNAs’. But this deceptively simple descrip- 
tion of FMRP function omits any role for 
the neurotransmitter dopamine, despite the 
fact that some of the clinical and behavioural 
features of fragile X syndrome are remini- 
scent of dysfunction in dopamine-secreting 
neurons. Writing in Neuron, Wang et al.’ 
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elucidate the role of FMRP in modulating 
dopamine signalling. 

Classically, dopamine has been considered 
an essential mediator of behaviours such as 
reward-seeking and coordinated movement. 
Because these brain functions are not always 
impaired in fragile X syndrome, there has been 
little reason to link altered dopamine signal- 
ling to the aetiology or the manifestation of 
this disorder. Nevertheless, recent work** has 
expanded and refined dopamine's job descrip- 
tion in the brain to encompass more cogni- 
tively relevant functions, such as involvement 
in reward-prediction error, motivation, ability 
to focus on pertinent environmental stimuli 
and goal-directed behaviours. 

To explore a possible connection between 
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in most samples because they lack convenient 
optical transitions. 

To develop a more general method, it is 
possible to use one spin with optical readout 
as a detector of the magnetic fields created by 
the spins in the sample under analysis (Fig. 1). 
To achieve sufficient sensitivity, the interac- 
tion between spins must persist for a relatively 
long time. This requires both the detector and 
the sample spins to have long spin-coherence 
times, so that their direction is only occasion- 
ally perturbed by quantum fluctuations. There 
are many techniques for achieving long spin- 
coherence times in atomic systems, even fora 
single spin that is held, for example, in a laser 
trap. However, it is generally impossible to 
bring a sample within nanometres of such spin 
without disrupting the trapping mechanism. 

This is where the properties of nitrogen- 
vacancy centres in diamond become useful. 
Recent work’ has shown that a spin-coherence 
time of the order of a millisecond can be 
achieved in such a solid-state system. Even in 
diamond nanocrystals that are tens of nano- 
metres across, the spin-coherence time is not 
dramatically reduced. Furthermore, initializa- 
tion and detection of the spin’s direction can be 
achieved at room temperature, so a diamond 
magnetometer can be placed within tens of 
nanometres of a biologically active sample. 

Such long spin-coherence times can only be 
achieved by periodically flipping the direction 
of the spin, a technique known as spin echo, 
which averages out external fluctuations. With 
this technique, which was first used in nitrogen- 
vacancy centres for quantum-computing appli- 
cations’, Maze et al.! describe a magnetometer 
with a single nitrogen-vacancy centre in both 
a bulk diamond and a nanocrystal. The mag- 
netometer is sensitive to magnetic fields that 
oscillate at the frequency of the spin-echo rep- 
etition rate, typically in the kilohertz range. 
After collecting light from the nitrogen-vacancy 
centre for 100 seconds, Maze and colleagues 
obtained a magnetic-field sensitivity as low as 
3 nanotesla, equal to the magnetic field about 100 
nanometres from a single electron, or 10 nano 
metres from a single proton. This is con- 
siderably better than has been achieved with 
other techniques, such as MRFM, on the 
nanometre scale. 

Balasubramanian et al.’ operate a nitrogen- 
vacancy diamond magnetometer placed next to 
amagnetic tip, creating a strong magnetic-field 
gradient. Because the magnetometer relies on 
a single, well-localized spin, its magnetic reso- 
nance is not broadened by the steep spatial vari- 
ation of the magnetic field. Such a high gradient 
could allow magnetic-resonance imaging with 
sub-nanometre resolution. As a first step in this 
direction, Balasubramanian and colleagues 
locate the position of the nitrogen-vacancy 
centre itself with a spatial resolution of 5 nano- 
metres by measuring its resonance frequency. 

A combination of the techniques devel- 
oped by Maze et al.' and Balasubramanian et 
al.’ could lead to the detection and imaging of 
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Figure 1| Optical spin detection using a diamond 
defect in a nanocrystal. The atomic spin (red 
arrow) ina crystal defect — a nitrogen-vacancy 
centre — in a diamond nanoparticle can be 
manipulated with light. It responds to the 
magnetic field generated by the spins in a sample, 
thus changing the light scattering rate. A strong 
magnetic-field gradient produced by a magnetic 
tip selects spins with magnetic resonance in 

a narrow slice of the sample. Maze et al.’ and 
Balasubramanian et al.” have implemented parts 
of this scheme individually. Integration of these 
techniques could lead to detection of nuclear 
magnetic resonance from a single spin. 


individual nuclear spins, which would poten- 
tially allow the determination of the structure of 
asingle molecule. Crucially, both experiments 
were performed at room temperature, so bio- 
logical applications such as the determination 
of protein structures or detailed imaging of the 
internal structure of a living cell seem feasible. 
Manipulation of spin in diamond is a 


fast-developing research area, and many 
avenues remain to be explored. For example, 
longer spin-coherence times could be achieved 
using artificial diamond crystals that have a 
reduced abundance of the carbon-13 isotope, 
which creates magnetic fields that perturb the 
sensor. Another point to note is that the NMR 
signal on very small length-scales is effectively 
increased because of quantum fluctuations. As 
the number of spins (N) decreases, their quan- 
tum fluctuations, which scale as N", become 
relatively larger®. By resolving individual spins, 
one can obtain NMR signals that correspond 
to nearly complete spin polarization even ina 
low magnetic field, alleviating the current need 
for strong superconducting magnets in NMR 
detection, which can polarize only 1 spin in 10°. 
Although integration of nitrogen-vacancy spin- 
echo techniques with the conditions necessary 
for NMR remains to be demonstrated, diamond 
magnetometers seem to provide a promising 
route towards single-spin NMR detection. ™ 
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elucidate the role of FMRP in modulating 
dopamine signalling. 

Classically, dopamine has been considered 
an essential mediator of behaviours such as 
reward-seeking and coordinated movement. 
Because these brain functions are not always 
impaired in fragile X syndrome, there has been 
little reason to link altered dopamine signal- 
ling to the aetiology or the manifestation of 
this disorder. Nevertheless, recent work** has 
expanded and refined dopamine's job descrip- 
tion in the brain to encompass more cogni- 
tively relevant functions, such as involvement 
in reward-prediction error, motivation, ability 
to focus on pertinent environmental stimuli 
and goal-directed behaviours. 

To explore a possible connection between 


607 


NEWS & VIEWS 


NATURE|Vol 455|2 October 2008 


a Normal mice — FMRP present 


Dopamine 


Cell 
membrane 


SS) hh ff , i ) 


WL SUUuUUUuULY 


D1 receptor 


cAMP T 


ATP 


Downstream effectors 


b Fmrt-7- mice 


G, protein 
inactive 


AC 
inactive) 


Downstream effectors 


cAMP 


Figure 1| FMRP-mediated regulation of dopamine signalling. a, Normally, FMRP binds to GRK2 and 
sequesters it in the cytoplasm, away from D1 dopamine receptors on the cell membrane. On dopamine 
binding, the D1 receptors couple to and activate G,, which in turn activates adenylate cyclase (AC). 
This enzyme then catalyses the formation of cAMP, which acts on various downstream effector 
molecules. b, Wang et al.’ show that, in Fmr1~~ mice, which cannot produce FMRP (and presumably 
in patients with fragile X syndrome), GRK2 is no longer sequestered in the cytoplasm and is free to 
move to the cell membrane, where it phosphorylates D1 receptors. Consequently, even on dopamine 
binding, the phosphorylated D1 receptors have reduced affinity for G,. The signalling cascade stalls, 
cAMP levels remain low and effector molecules are no longer engaged. 


dopamine signalling and FMRP activity, Wang 
et al.’ studied a common experimental model 
of fragile X syndrome — mice lacking the Fmr1 
gene (Fmr1™) — and focused on the function 
of the D1 subtype of dopamine receptor in the 
brain’s prefrontal cortex (PFC). The D1 recep- 
tor not only modulates the trafficking of the 
receptor for another neurotransmitter, gluta- 
mate, but also affects long-term potentiation, a 
form of synaptic plasticity thought to underlie 
learning and memory. The PFC is crucial for 
working memory, planning and attention®”. 

The authors show that, in the culture- 
grown PFC neurons of Fmr1 ~~ mice, cell- 
surface expression and phosphorylation of the 
GluR1 glutamate receptors, processes that are 
normally mediated by the D1 receptors, are 
reduced. Normally, D1 receptors are coupled 
to G, proteins, which stimulate the production 
of an intermediary signalling molecule called 
cyclic AMP by activating the enzyme adenylate 
cyclase (Fig. la). In Fmr1~” mice, the ability 
ofa D1-receptor agonist to raise cAMP levels 
in PFC neurons was attenuated. However, no 
deficit in cAMP production was detected in 
these mice when a direct activator of adenylate 
cyclase was used. These and other data indicate 
that FMRP is crucial for the coupling of D1 
receptors to G, proteins. 

Kinase enzymes known as GRKs can phos- 
phorylate D1 receptors at several amino-acid 
residues, diminishing the receptors’ ability to 
couple to G,. Wang et al.? show that, in PFC 
neurons from Fmr1 mice, the phosphory- 
lation of D1 receptors is abnormally high. 
Moreover, one specific GRK — GRK2 — was 
particularly abundant in the cell-membrane 
fractions of these neurons, where functional 
D1 receptors are localized. The authors 
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hypothesized that, normally, FMRP interacts 
with GRK2 and prevents its activity. Hence, in 
the absence of FMRP in Fmr1™ mice — and 
possibly in patients with fragile X syndrome 
— GRK2 is no longer regulated and becomes 
overactive (Fig. 1b). 

Indeed, using imaging and biochemical 
approaches, the authors show that FMRP 
and GRK2 interact. Notably, these two pro- 
teins seem to associate only in the cytoplasm, 
suggesting that FMRP normally functions to 
sequester GRK2. In the absence of FMRP in 
Fmr1 mice, GRK2 seems to be free to move 
to the cell membrane, where it phosphorylates 
D1 receptors and disrupts their signalling. But 
what are the functional consequences of these 
deficits? Assessing the effects of a D1 agonist on 
long-term potentiation, Wang et al. find that, 
although stimulating D1 receptors enhances 
this form of plasticity in the PFC of normal 
mice, it has no effect on the corresponding 
brain region of Fmr1~ animals. 

Intriguing as these findings are, unan- 
swered questions remain about the relevance 
of impaired dopamine signalling to the mani- 
festation of fragile X syndrome. Wang and col- 
leagues’ finding that, following exposure toa D1 
agonist cAMP production remains impaired 
in Fmr1~ mice, is consistent with previous 
reports®” of reduced cAMP levels and dimin- 
ished cAMP responses in cells of patients with 
fragile X syndrome. But unlike the earlier stud- 
ies, which attributed decreased cAMP levels to 
reduced adenylate-cyclase activity, Wang et al. 
observe normal cAMP responses to an activa- 
tor of adenylate cyclase. Instead, they report 
that D1-receptor-G, coupling is impaired in 
Fmr1~ mice. Clearly, these differences must be 
reconciled. Nonetheless, Wang and colleagues’ 
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data will surely spark renewed interest in the 
role of cAMP in fragile X syndrome. 

Another interesting aspect of the results’ 
is the implication that the PFC is involved in 
fragile X syndrome. Patients with this disor- 
der exhibit deficits in executive functions, 
showing inappropriate behaviours that are 
usually inhibited, and impairments” in work- 
ing memory, cognitive flexibility and planning 
— functions attributed to the PFC. Moreover, 
these patients are often described as ‘creatures 
of habit’ by their caregivers and have difficulty 
adapting to even subtle changes in their daily 
routines". In agreement with previous work, 
Wang and colleagues show that D1-receptor- 
mediated pathways are crucial for long-term 
potentiation and synaptic plasticity in the cor- 
ticostriatal neural circuitry, which is believed 
to be important for learning new goal-directed 
behaviours and for the formation of habits. 

But extended training can override the 
dopamine-dependence of actions and habits’. 
So one consequence of impaired dopamine 
signalling in fragile X syndrome could be that, 
once patients establish a routine reinforced 
by extended repetition and training, their 
corticostriatal circuits cannot adapt rapidly to 
change. Although the authors’ demonstrate 
that a D1 agonist efficiently reverses the loco- 
motor hyperactivity behaviour in Fmr1 mice, 
it will be crucial to establish whether abbre- 
viated D1-receptor signalling contributes to 
other cognitively relevant characteristics. 

In the 17 years since the identification of 
FMRI, progress towards an understanding 
of the mechanism behind fragile X syndrome 
has been swift, with recent attempts at phar- 
maceutical interventions” being particularly 
noteworthy. But Wang and co-workers’ obser- 
vation that deregulation of GRK2 activity in the 
absence of FMRP leads to impaired dopamine 
signalling is a reminder that we still have much 
to learn about the molecular, cognitive and 
behavioural manifestations of this disorder. m 
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The changing face of HIV in China 


HIV has advanced from high-risk groups such as intravenous drug users to some in the general population, 
according to comprehensive new data from the south of China. What needs to be done to halt its spread? 


Lin Lu, Manhong Jia, Yanling Ma, Li Yang, 
Zhiwei Chen, David D. Ho, Yan Jiang and 
Lingi Zhang 


The HIV-1/AIDS epidemic in China is at a 
critical juncture. Historically, HIV-1 infection 
has been largely confined to certain high-risk 
populations such as intravenous drug users and 
former blood and plasma donors in geographi- 
cally disparate rural areas! *. However, HIV-1 
prevalence has now increased rapidly among 
men who have sex with men and among female 
sex workers*”. It seems that China is following 
the path of some of the other Asian countries 
where HIV-1 infection is no longer confined 
to high-risk populations’. 

Since the first cases among foreign tourists 
and local recipients of imported factor VII in 
the mid 1980s, HIV-1 has spread to all of main- 
land China’. The current epidemic comprises 
largely of two affected populations: former 
blood and plasma donors in Henan and neigh- 
bouring provinces, and intravenous drug users 
in Yunnan andalong drug-trafficking routes'” 
(Fig. 1). Both of these populations stemmed 
from the infection of drug users from Yunnan’s 
Dai and Jingpo ethnic minority groups in Yun- 
nan in the late 1980s°”. 

Statistics from the Chinese Ministry of Health 
and UNAIDS have revealed a worrisome trend 
of the HIV-1 epidemic in China. As of Octo- 
ber 2007, an estimated 700,000 infections had 
occurred’, Although the prevalence of infec- 
tion remains low (0.04—0.07%), the new figure 
represents an 8% increase since 2006 (refs 4, 5). 
Remarkably, 38% of the cases were attributed 
to heterosexual contacts — more than triple 
the 11% in 2005 (ref. 4). In line with this trend, 
the proportion of women infected has doubled 
over the past decade*. As 90% of these women 
are of child-bearing age (15-44), this is likely to 
translate into more vertical transmission from 
mother to child*. Additionally, the proportion 
of cases among men who have sex with men 
increased eight-fold from 0.4% in 2005 to 3.3% 
in 2007 (ref. 4). These data suggest that the HIV- 
1 epidemic is expanding, and that more effective 
preventive measures are urgently needed. 


The epidemic in Yunnan 

Located in southwest China, Yunnan has 
long been regarded as China’s Shangri-la 
for its natural beauty. But now, with all of its 
16 prefectures affected, it is a major site of 
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Figure 1| Pervasive spread. The geographic distribution of cumulative reported HIV-1 infection in 


mainland China (source: ref. 4). 


the AIDS epidemic. Yunnan’s ethnic diver- 
sity is unrivalled in China, with 25 differ- 
ent ethnic minority groups representing one 
third of the province's population. Of these 
groups, 13 live along the border with Myan- 
mar, Laos and Vietnam, and cross-border 
travel and commerce are common. Yunnan 
has a long history of opium/heroin trade, and 
the vast majority of illicit drugs in China are 
trafficked through Yunnan from the ‘Golden 
triangle’ of illicit opium production, encom- 
passing Myanmar, Thailand, Laos and 
Vietnam (Fig. 1)*”. 

HIV-1 was detected in intravenous drug 
users inYunnan in 1989 (ref. 10). It then also 
spread among other populations’’. Between 
1989 and 2006, 3.2 million blood samples 
were tested in Yunnan. This testing identi- 
fied 48,951 HIV-1 cases, 3,935 AIDS patients, 
and 1,768 resultant deaths — representing 
about 25%, 8% and 13% of the national totals, 


© 2008 Macmillan Publishers Limited. All rights reserved 


respectively. Prefectures bordering Myan- 
mar and Vietnam were the first and the most 
severely affected. 

Although the cumulative HIV-1 case load 
rose gradually from 1989 to 2003, there was 
a sharp rise in 2004, when 13,486 new cases 
were seen. This total is comparable to the 
number identified in the previous 16 years. 
Identification of these new cases was likely to 
be due to increased surveillance and testing 
since the estimated incidence rates remained 
relative stable over time among the major risk 
groups. These estimates were determined by 
re-testing all seropositive samples from the 
surveillance effort using the BED assay”* to 
detect those with low-affinity antibodies to 
HIV-1. Intravenous drug users had the high- 
est incidence rate throughout the study, vary- 
ing between 2.2% and 8.0% per year, whereas 
that for outpatients attending sexually trans- 
mitted infection (STI) clinics was 0.3-1.0% 
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per year and for pregnant women it 
was about 0.1% per year. 


Changing demographics 

HIV-1 has hit different Yunnan popu- 
lations disproportionately. Figure 2 
shows provincial average HIV-1 
prevalence rates over time among 
intravenous drug users, female sex 
workers, STI outpatients, pregnant 
women and an ‘unlinked popula- 
tion’ (patients admitted to the hospi- 
tal who were willing to be tested for 
HIV-1 anonymously) based on the 
results from 97 sentinel surveillance 
sites located through the province. 
Within these groups, the highest 
prevalence rate has always been found 
in the intravenous drug users popula- 
tion. From 1992 to 1995, the average 
prevalence rate remained around 6%. 
In 1996, it jumped to about 22%, and 
then remained near that level. Preva- 
lence rates among female sex work- 
ers and STI outpatient groups have 
been consistently lower, but follow 
a similar trend. The ‘unlinked’ and 
pregnant women populations have 
also experienced a similar pattern of 
prevalence increases, although the 
jumps occurred in 1999 and 2003, 
respectively. This sequential upsurge 
of infection among intravenous drug users, 
female sex workers, STI outpatients, then 
among the ‘unlinked’ and finally pregnant 
women, is reminiscent of what has been seen 
in other countries, where HIV-1 infection has 
spread from high-risk groups to some in the 
general population. 

This trend in transmission mode is further 
illustrated by the fact that the proportion of 
cases among intravenous drug users has 
decreased from 100% in 1989 to 40% in 2006. 
Concurrently, heterosexual transmission has 
increased markedly, reaching 37.5% of infec- 
tions in 2006. 

Although most infections were in farmers 
from 1989 to 1995, more factory workers are 
now infected, and the number of infections 
among unemployed persons have come to rival 
those in farmers. In addition, whereas the Dai 
and Jingpo minorities were the most affected 
ethnic groups in 1989-95, Han Chinese over- 
took these minorities in 1996 and up to 2006 
accounted for around 60% of infections. 

Changes in age distribution are also evi- 
dent. Although on average more than 95% of 
infected individuals have been aged 20-40, 
HIV-1 prevalence has increased among the 
30-59 group and decreased among the 20-29 
group. This could be attributed to ageing of 
infected individuals or to new infections of 
relatively older age groups over time. Nonethe- 
less, high prevalence in the 20-29 and younger 
than 20 age groups suggests ongoing infection 
within the young population. 

HIV-1 in Yunnan has also spread to the 


Percentage of infection 


610 


304 


254 


204 


NATURE|Vol 455|2 October 2008 


gene with reference sequences from the 
HIV-1 Database (www.hiv.lanl.gov/ 
content/index), we identified the three 
main subtypes of HIV-1 found in Yun- 
nan. These subtypes are those clustering 
closely with subtype C, CRF07_BC, or 
CRF08_BC (53.0%); those with CRFO1_ 
AE or CRF15_01B (40.5%); and those 
with subtype B (6.5%). Notably, more 
than 90% of infected intravenous drug 
users had C/CRF07_BC/CRF08_BC 
viruses, whereas 85.4% of CRF01_AE/ 


Female sex workers 
Pregnant women 


Outpatients attending 
sexually transmitted 
infection clinics 


Patients willing to be 
tested anonymously 


Intravenous drug users 


CRF15_01B infections were acquired 
through sexual transmission. Fur- 
thermore, sequences in the C/CRF07_ 
BC/CRF08_BC group were found 
throughout Yunnan, while those in the 
CRF0O1_AE/CRF15_01B group were 
largely confined to prefectures border- 
ing Myanmar. Sequences in the subtype 


B groups have only been identified in 
the Dehong and Baoshan prefectures 
in Yunnan. 

The dominant C/CRF07_BC/ 
CRF08_BC viruses in Yunnan are 
related to strains in Guangxi prov- 
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Changing trends. HIV-1 prevalence among various risk 
groups in Yunnan between 1992 and 2006. 


female population. Before 1996, most infected 
individuals were male. However, from 1996- 
2006, the proportion of HIV-1-infected women 
gradually increased from 7.1% to 35%, and 
the male to female ratio decreased from 13:1 
to 1.9:1. 


Virus evolution 

With the dramatic changes in disease distribu- 
tion, HIV-1 genetics in Yunnan have become 
increasingly complex. The initial HIV-1 epi- 
demic among intravenous drug users in Yun- 
nan in 1989 was caused by a mixture of viruses 
closely resembling European/North American 
subtype B and Thai subtype B (B’)'*. But by 


1996, the B’ subtype began to dominate 


13,14 


During the same period, a second epidemic 
took root among intravenous drug users in 
Yunnan, with strains genetically related to 
subtype C viruses from India’. Co-existence 
of multiple subtypes led to the formation of 
circulating recombinant forms (CRFs) of 
HIV-1 — CRF07_BC and CRF08_BC among 
intravenous drug users along drug trafficking 
routes'® and CRF01_AE in Chinese sex work- 
ers who had worked in Thailand”. In the mid- 
1990s, viruses closely related to CRFO1_AE 
and CRF08_BC in Yunnan were identified 
among intravenous drug users in Guangxi”. 
Further novel recombinants arose in subse- 
quent years”. 


We compared over 500 nucleotide sequences 


from Yunnan®” with those from other prov- 
inces in China and neighbouring countries. 
Comparing sequences from the HIV-1 gag p17 
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ince and distant Xinjiang province, 
supporting the notion that HIV-1 
has spread along known drug-traf- 
ficking routes. In contrast, sequences 
similar to CRFO1_AE/CRF15_01B 
have been largely confined to Yun- 
nan and are closely related to strains from 
Thailand, Myanmar and Vietnam. Subtype 
B sequences from Yunnan are genetically 
similar to those from former blood donors 
in Henan and adjacent provinces, and can 
be broadly classified into two major groups: 
one with sequences similar to those from 
Thailand and Myanmar, and the other with 
sequences more similar to those in France 
and the United States. These results are con- 
sistent with the hypothesis that HIV-1 spread 
from Yunnan to central China, and sug- 
gest multiple introductions of HIV-1 from 
foreign countries to Yunnan’. 


2006 4 


Challenge and opportunity 

Over the past 20 years, HIV-1 in Yunnan 
has overcome preventive measures to spread 
beyond high-risk populations. The dramatic 
increase in sexual transmission has changed 
the demographic profile of those infected. As 
the epidemic continues to expand, the genetic 
makeup of HIV-1 subtypes have become 
increasingly complex, potentially posing 
greater challenges to our efforts in antiretro- 
viral treatment and vaccine development. 

In light of the observed demographic 
changes, HIV-1 prevention strategies must 
focus more on stopping sexual transmission 
of HIV-1 within high-risk groups and halt- 
ing the spread to the general public. There are 
urgent needs to scale up and integrate those 
proven successful prevention programmes 
such as condom promotion among female sex 
workers; drug rehabilitation, needle exchange 
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and methadone maintenance for intravenous 
drug users ; and free antiretroviral therapy for 
those infected. 

There is an old Chinese saying: “When there 
is a crisis, there is an opportunity.’ Indeed, as 
HIV-1 plagues certain high-risk groups in 
China, there is still a window of opportunity 
to prevent further spread to the general popu- 
lation. The time to act is now. | 
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Challenges in the development of an 


HIV-1 vaccine 


Dan H. Barouch! 


The development of a safe and effective human immunodeficiency virus (HIV)-1 vaccine is a critically important global health 
priority. Despite recent advances in our understanding of HIV-1 pathogenesis and immunology, however, major scientific 
obstacles remain. Prototype HIV-1 vaccine candidates aimed at eliciting humoral and cellular immune responses have so far 
failed to protect against HIV-1 infection or to reduce viral loads after infection in clinical efficacy studies. A renewed and 
coordinated commitment to basic discovery research, preclinical studies and clinical trials will therefore be required to 
overcome the hurdles currently facing the field. Here | review key challenges and future prospects in the quest to develop a 


prophylactic HIV-1 vaccine. 


t has been 25 years since HIV-1 was identified as the causative 
agent for AIDS’. More than 60 million people worldwide have 
been infected with HIV-1, mostly in the developing world, and 
nearly half of these individuals have died. The development of a 
safe and effective HIV-1 vaccine would undoubtedly be the best solu- 
tion for the ultimate control of the worldwide AIDS pandemic’, but 
unfortunately HIV-1 vaccine development efforts have not yet proven 
successful. The extraordinary diversity of HIV-1, the capacity of the 
virus to evade adaptive immune responses, the inability to induce 
broadly reactive antibody responses, the early establishment of latent 
viral reservoirs, and the lack of clear immune correlates of protection 
represent unprecedented challenges for vaccine development. 

The goal of an HIV-1 vaccine would be either to prevent infection 
or to reduce viral loads and clinical disease progression after infection 
(Fig. 1). An ideal vaccine would completely block infection and pro- 
vide sterilizing immunity. Although such a vaccine would be optimal, 
this degree of protection is not even achieved with most clinically 
licensed vaccines. In contrast, most licensed viral vaccines seem to 
function by controlling subclinical viral replication and by prevent- 
ing clinical disease. It may therefore be more realistic to develop a 
suboptimal HIV-1 vaccine that fails to prevent infection but that 
provides partial immune control of viral replication after infection. 
Such partial control, as exemplified by a reduction in peak and set- 
point viral loads after infection, has been demonstrated in certain 
preclinical studies by vaccines that elicit T lymphocyte responses. 
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Figure 1| Goals of an HIV-1 vaccine. After infection, HIV-1 replicates 
exponentially to a peak level and then is partially controlled to a viral 
setpoint level (black). a, An ideal vaccine would protect against infection and 
afford sterilizing immunity (red). b, A suboptimal vaccine would result in 
decreased peak and setpoint viral loads after infection (red). 


Moreover, because viral loads represent a principal determinant of 
HIV-1 transmission’, it is conceivable that such a partially protective 
vaccine might have substantial impact on a population level. 

Despite the urgent need for an HIV-1 vaccine, only two vaccine 
concepts have completed clinical efficacy studies so far. The first vac- 
cine concept used monomeric HIV-1 Env gp120 protein, and the aim 
of this strategy was to induce Env-specific humoral immune responses. 
In early-phase clinical trials, gp120 immunogens elicited type-specific 
binding antibodies but failed to induce broadly reactive neutralizing 
antibodies*”. In two phase 3 efficacy trials sponsored by the biotech- 
nology company VaxGen, these vaccine candidates afforded no detec- 
table protective efficacy'®"', indicating that these type-specific 
antibody responses were insufficient to protect against HIV-1 infec- 
tion in humans. Another phase 3 study evaluating the efficacy of a 
recombinant canarypox vector prime/gp120 protein boost vaccine 
regimen is currently underway. The second vaccine concept that has 
completed clinical efficacy studies involved replication-incompetent 
recombinant adenovirus serotype 5 (rAd5) vectors expressing HIV-1 
Gag, Pol and Nef. The aim of this strategy was to elicit HIV-1-specific 
cellular immune responses. Early-phase clinical trials demonstrated 
that rAd5 vector-based vaccines elicited cellular immune responses 
in most subjects, although these responses were partially suppressed 
in individuals with pre-existing Ad5-specific neutralizing antibodies’’. 
Phase 2b efficacy trials sponsored by Merck and the National Institutes 
of Health (NIH) were unexpectedly terminated when the first planned 
interim analysis showed that this vaccine failed to protect against 
infection or to reduce viral loads after infection, and that vaccinees 
with pre-existing Ad5-specific neutralizing antibodies exhibited an 
enhanced rate of HIV-1 acquisition’’. These results have highlighted 
new scientific challenges and have led to substantial debate regarding 
the optimal path forward for the HIV-1 vaccine field. 


Virologic and immunologic challenges 

The challenges in the development of a prophylactic HIV-1 vaccine 
are unprecedented (Box 1). The extraordinary worldwide diversity of 
HIV-1 presents perhaps the greatest hurdle’*. Driven by the error- 
prone reverse transcriptase, the HIV-1 M group has diversified into 
nine divergent clades as well as multiple circulating recombinant 
forms. Amino acid sequences of Env can differ up to 20% within 
a particular clade and over 35% between clades’*!’. A vaccine 
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Box 1| Challenges in the development of a prophylactic HIV-1 


vaccine 


(1) Extensive viral clade and sequence diversity. 

(2) Early establishment of latent viral reservoirs. 

(3) Immune correlates of protection unclear. 

(4) Viral evasion of humoral and cellular immune responses. 

(5) Antibody responses typically type-specific. 

(6) No method exists to elicit broadly reactive neutralizing antibodies. 
(7) Attenuated viruses unsafe for human use. 

(8) Lack of a small-animal model. 

(9) Little pharmaceutical interest. 


immunogen will therefore need to contend with a remarkably high 
degree of viral diversity, and vaccine protection will necessarily be 
dependent on the capacity of immune responses to cross-react with 
highly heterologous viruses. Although cross-reactive humoral and 
cellular immune responses against conserved regions of the virus 
have been reported, it is reasonable to assume that protective efficacy 
will diminish substantially with increasing divergence between vac- 
cine antigens and infecting viruses. 

Another key challenge is the lack of clear immune correlates of 
protection in humans, because HIV-1-infected patients are unable to 
eradicate the virus. Suggestive evidence regarding immune correlates 
of protection might be obtained from viral challenge studies in non- 
human primates and from studies of HIV-1-infected individuals who 
spontaneously control viral replication to very low levels. However, 
definitive immune correlates of protection will probably only emerge 
in the context of successful vaccine efficacy studies in humans. 
HIV-1-specific humoral immunity. Virus-specific neutralizing anti- 
body titres represent key immune correlates of protection for most 
licensed viral vaccines, and thus early studies focused on developing 
HIV-1 Env subunit immunogens. Advances in our understanding of 
Env structure and function have begun to elucidate why generating 
broadly reactive neutralizing antibodies to HIV-1 by vaccination may 
be so difficult'®. The HIV-1 Env glycoprotein is a trimer on the virion 
surface with extensive N-linked glycosylation that effectively shields 
many conserved epitopes from antibody recognition'”'*. Highly 
immunogenic variable loops also elicit type-specific antibodies that 
may redirect humoral responses away from conserved regions. In 
addition, key conserved regions, such as the binding site of the che- 
mokine co-receptor, are only formed after Env binds its cellular recep- 
tor CD4 and undergoes an extensive conformational change’. The 
development of mutations in N-linked glycans has also been shown to 
lead to rapid evasion of host neutralizing antibody responses’. 

Nevertheless, broadly reactive neutralizing antibody activity has 
been identified in a small number of HIV-1-infected subjects, and 
this reactivity seems to be largely directed against conserved regions 
of the Env glycoprotein such as the CD4-binding site”. The broadly 
reactive monoclonal antibody b12 also binds to the CD4-binding 
site, suggesting that this region of Env may represent a critical point 
of vulnerability that is potentially amenable to neutralization”. 
However, the CD4-binding site is recessed and only partially acces- 
sible to antibody binding. Another conserved region is the 
membrane-proximal external region (MPER) of gp41, which repre- 
sents the target of the broadly reactive monoclonal antibodies 2F5 
and 4E10. However, MPER-specific neutralizing antibodies may be 
difficult to elicit by vaccination for multiple reasons, including tole- 
rance control and immunoregulation™, sequestration of the epitope 
in the lipid membrane”, exposure of the epitope only transiently 
during viral entry*®, or possibly a combination of multiple factors. 

The development of immunogens that induce broadly reactive 
neutralizing antibodies is perhaps the most important priority for 
the HIV-1 vaccine field’®. Proof-of-concept passive transfer studies in 
non-human primates have shown that administration of high doses 
of broadly reactive monoclonal antibodies can afford sterilizing 
protection from infection, thus demonstrating the potential of 
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virus-specific humoral immunity””**. However, it has not been pos- 
sible to induce such broadly reactive neutralizing antibodies by vac- 
cination so far. Although there has been substantial progress in our 
understanding of Env structure and function, there are currently no 
vaccine candidates that are aimed at eliciting broadly reactive Env- 
specific neutralizing antibodies in clinical trials. It is likely that next- 
generation Env immunogens will need to be engineered antigens. 
Strategies that are being pursued include generating biochemically 
stabilized Env trimers, constraining Env immunogens in structurally 
defined conformations, scaffolding conserved neutralization epi- 
topes onto foreign proteins, developing methods to circumvent 
immunoregulation, and designing immunogens to target specific 
regions such as the CD4-binding site, the MPER region and struc- 
turally conserved elements of the V3 loop. The relevance of non- 
neutralizing antibodies that mediate other effector functions such 
as antibody-dependent cell-mediated virus inhibition, complement 
activation and phagocytosis is also being investigated. 
HIV-1-specific cellular immunity. Virus-specific T lymphocyte res- 
ponses are believed to have a critical role in controlling HIV-1 rep- 
lication and are therefore being actively explored in vaccine 
development strategies. Early studies showed that virus-specific 
CD8* T lymphocyte responses emerge during acute infection coin- 
cident with initial control of primary viremia*”*'. Potent cellular 
immune responses have also been reported in long-term non-pro- 
gressors*’, and specific HLA alleles and the breadth of Gag-specific T 
lymphocyte responses have been correlated with control of viral rep- 
lication in HIV-1-infected individuals****. These data indicate the 
potential importance of cellular immune responses in immune con- 
trol of HIV-1. Concordant with these observations, experimental 
depletion of CD8* lymphocytes has been shown to abrogate immune 
control of simian immunodeficiency virus (SIV) replication in rhesus 
monkeys*”**. 

A limitation of virus-specific T lymphocyte responses is the pro- 
pensity of the virus to accumulate mutations in T lymphocyte epi- 
topes and to evade cellular immune control’”’. It is therefore likely 
that the breadth of epitope-specific T lymphocyte responses will 
prove critical for an HIV-1 vaccine, not only to maximize immuno- 
logic coverage of HIV-1 diversity but also to minimize the potential 
for viral escape from recognition by T lymphocytes. However, the 
breadth of vaccine-elicited cellular immune responses may be limited 
by immunodominance constraints and by the inherent tendency of 
CD8* T lymphocyte responses to be highly focused on a limited 
number of epitopes. 

Recent advances in the characterization of T lymphocyte responses 
by multiparameter flow cytometry have highlighted the functional 
diversity of virus-specific T lymphocytes in terms of cytokine secre- 
tion, degranulation, proliferation and other effector functions in 
various subpopulations of effector and memory T lymphocytes. It 
is likely that the complex functionality of T lymphocytes may ulti- 
mately prove more relevant than interferon-y secretion as measured 
by enzyme-linked immunospot (ELISPOT) assays for the evaluation 
of vaccine-elicited cellular immune responses. Polyfunctional T lym- 
phocytes capable of performing multiple functions have been 
reported in long-term non-progressors*’, in recipients of effective 
vaccines such as vaccinia*!, and in certain preclinical challenge 
studies”. These considerations suggest that the breadth* and qua- 
lity** of T lymphocyte responses may prove critical in addition to the 
magnitude of these responses. 

Perhaps the most significant limitation of vaccine-elicited cellular 
immune responses is that they will probably not protect against 
acquisition of HIV-1 infection. As a result, vaccine-induced T 
lymphocyte responses will presumably be unable to prevent lifelong 
infection, because the virus rapidly establishes latent reservoirs*>**. 
Moreover, it is unclear whether vaccine-elicited T lymphocytes will 
be able to function rapidly enough given that important immuno- 
pathologic events occur within the first few days of acute HIV-1 
infection. HIV-1 preferentially infects HIV-1-specific CD4~ T 
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lymphocytes” and rapidly depletes most memory CD4* T lympho- 
cytes in gut-associated lymphoid tissue within the first 4-10 days of 
infection**°°. This sets the stage for progressive immunodeficiency as 
well as for chronic immune activation, which probably results at least 
in part from microbial translocation across damaged gastrointestinal 
mucosa®!. Given the time required for vaccine-induced CD8* T 
lymphocyte responses to expand after infection, it may be difficult 
for vaccine-elicited T lymphocytes to prevent these early immuno- 
pathologic events completely’. 


Current HIV-1 vaccine strategies 

Traditional strategies. Vaccine strategies for HIV-1 can be divided 
into traditional and novel vaccine approaches (Box 2). Traditional 
vaccine technologies include live attenuated viruses, whole killed 
viruses and protein subunits. Although these approaches have proven 
enormously successful for the development of vaccines against other 
viruses, they all have substantial limitations in terms of their utility for 
HIV-1. Live attenuated viruses have afforded substantial protective 
efficacy against SIV challenges in rhesus monkeys*’™*, but they are 
unlikely to be used in humans owing to significant safety concerns’. 
In contrast, whole killed viruses** and protein subunits'®"' are limited 
by their inability to induce broadly reactive neutralizing antibody 
responses as well as by their inability to elicit CD8* T lymphocyte 
responses. Recent data, however, suggest that Toll-like receptor adju- 
vants may increase the utility of protein subunit immunogens””™. 
Novel strategies. New vaccine strategies include gene-delivery tech- 
nologies such as plasmid DNA vaccines and live recombinant vectors 
that are engineered to express HIV-1 antigens. Plasmid DNA vaccines 
offer considerable promise in terms of simplicity and versatility, but 
multiple injections of high doses of DNA vaccines are typically 
required to elicit detectable immune responses in non-human pri- 
mates and humans*’. Substantial research is therefore focused on 
the development of adjuvants for DNA vaccines®™ and improved 
delivery technologies such as in vivo electroporation®*®. Recom- 
binant vectors include attenuated or replication-incompetent viruses, 
most notably adenoviruses'’**”* and poxviruses®”°. Viral vectors, 
administered either alone or in the context of heterologous DNA 
prime/vector boost regimens, represent most HIV-1 vaccine candi- 
dates that are currently in clinical trials. Other viral vectors that are 
being evaluated include vesicular stomatitis virus, adeno-associated 
virus, Venezuelan equine encephalitis virus, cytomegalovirus, herpes 
simplex virus and measles virus. Bacterial and mycobacterial vectors 
are also being explored, including Salmonella, Listeria and Bacille 
Calmette-Guérin (BCG). 


The STEP study 


Preclinical background. Recombinant Ad5 vectors were selected for 
development by Merck on the basis of preclinical vector comparison 
studies that showed that rAd5 vectors were more immunogenic than 
multiple other vector modalities in rhesus monkeys*”’'. Moreover, 
rAd5 vectors expressing SIV Gag afforded marked reductions of viral 
loads after challenge of rhesus monkeys with the chimaeric simian— 
human immunodeficiency virus (SHIV)-89.6P (ref. 67). However, it 
was also observed that the same vaccine afforded minimal to no 
control of peak or setpoint viral loads after challenge with 
STV\aco39 (ref. 72), indicating that SIV challenges were considerably 
more stringent than SHIV-89.6P challenges. 


Box 2| Current HIV vaccine strategies 


(1) Traditional strategies 
Live attenuated viruses 
Whole killed viruses 
Protein subunits 

(2) Novel strategies 
Plasmid DNA vaccines 
Live recombinant vectors 
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A DNA prime/rAd5 boost regimen expressing SIV Gag afforded a 

brief (90 days) and marginal (0.8 log) reduction of peak viral loads 
after SIV\,ac239 challenge”, but this effect was only observed in rhe- 
sus monkeys that were selected to express the major histocompa- 
tibility complex (MHC) class I molecule Mamu-A*01, which is 
associated with efficient virologic control’*”. A DNA prime/rAd5 
boost regimen expressing multiple SIV antigens afforded increased 
protective efficacy in Mamu-A*01-positive rhesus monkeys’®, indi- 
cating that expanding the breadth of cellular immune responses 
improves protection. However, neither rAd5 alone nor DNA 
prime/rAd5 boost regimens have been able to reduce setpoint viral 
loads after SIV challenge of Mamu-A*01-negative rhesus monkeys so 
far’”’’. 
Clinical studies. The Merck HIV-1 vaccine candidate was formu- 
lated as a trivalent mixture of rAd5 vectors expressing HIV-1 clade B 
Gag, Pol and Nef. Phase 1 clinical trials suggested that this vaccine 
was generally well tolerated and immunogenic in most volunteers’’. 
However, as predicted by preclinical studies*’, responses to this vac- 
cine were partially suppressed in individuals with pre-existing neut- 
ralizing antibodies against the vaccine vector. Because 30-40% of 
individuals in the United States and Western Europe and 80-90% 
of people in sub-Saharan Africa have pre-existing Ad5-specific neut- 
ralizing antibodies’**’, the impact of anti-vector immunity was pre- 
dicted to be a limitation of rAd5 vectors. 

Two phase 2b ‘proof-of-concept’ efficacy studies were initiated by 
Merck and the National Institutes of Health to determine whether 
HIV-1-specific cellular immune responses induced by this vaccine 
regimen would prevent HIV-1 infection or would reduce viral loads 
after infection. HIV Vaccine Trials Network (HVTN) 502, also 
known as the ‘STEP’ study, was a 3,000-subject study in the 
Americas, the Caribbean and Australia. HVTN 503, also called 
“Phambili’ (which means ‘to move forward’ in Xhosa), was designed 
as a parallel 3,000-subject study in South Africa. 

On 18 September 2007, HVTN 502 was unexpectedly terminated 
at the first planned interim analysis when the Data and Safety 
Monitoring Board declared futility in the study achieving its primary 
end points’*. Moreover, in subjects with pre-existing Ad5-specific 
neutralizing antibody titres, a greater number of HIV-1 infections 
occurred in vaccinees than in placebo recipients (Fig. 2). Although 
the biological basis for this observation remains unclear, these data 
suggest that vaccination with rAd5 vectors may be associated with an 
increased risk of HIV-1 acquisition in this subgroup. Post-hoc multi- 
variate analysis further suggested that the greatest increased risk was 
in men who had pre-existing Ad5-specific neutralizing antibodies 
and who were uncircumcised. 

It is currently unclear whether the lack of efficacy in the STEP study 
simply represents the failure of the Merck rAd5-Gag/Pol/Nef vaccine 
product or whether this might be the harbinger of the failure of the 
T-cell vaccine concept overall. It is likely that substantial data will 
emerge from detailed immunologic analyses of vaccinees who sub- 
sequently became infected, and it is possible that the rAd5-Gag/Pol/ 
Nef vaccine failed to induce sufficient magnitude, breadth or quality 
of cellular immune responses**. At the present time, therefore, it 
would seem premature to consider the failure of this single study 
as the failure of T-cell-based vaccines in general. 

The apparent increased risk of HIV-1 acquisition in vaccinees with 
pre-existing Ad5-specific neutralizing antibodies was unexpected, and 
this finding highlights our lack of understanding of the parameters 
that determine susceptibility to HIV-1 infection. The biological basis 
for this observation remains unclear. One hypothesis is that rAd5 
vaccination of individuals with pre-existing Ad5-specific neutralizing 
antibodies may have resulted in potent anamnestic Ad5-specific 
CD4* T lymphocytes that were increased targets for HIV-1 infection. 
However, early data have suggested that Ad5-specific T lymphocyte 
responses after rAd5 vaccination are actually lower in individuals with 
pre-existing Ad5-specific neutralizing antibodies than in those with- 
out pre-existing Ad5-specific neutralizing antibodies (J. McElrath, 
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Figure 2 | Cumulative HIV-1 infections in men enrolled in the STEP study 
stratified by pre-existing Ad5-specific neutralizing antibody titre. 
Cumulative infections as of 17 October 2007 in men enrolled in the STEP 
study (HVTN 502) evaluating the Merck rAd5-Gag/Pol/Nef vaccine are 


unpublished observations). An alternative hypothesis is that Ad5- 
specific neutralizing antibodies may have opsonized rAd5 vectors after 
immunization, resulting in altered tropism or inflammatory res- 
ponses. It is also possible that pre-existing Ad5-specific neutralizing 
antibodies may have been a marker for other confounding variables 
that have not yet been identified. 


A STEP forward? 


Despite the disappointing results of the STEP study, several key 
lessons have already been learned. First, it is clear that the path for- 
ward towards an HIV-1 vaccine will be neither simple nor straight- 
forward. Second, the importance of understanding both systemic and 
mucosal immune responses to vaccine vectors is paramount. Third, 
the biological determinants of HIV-1 acquisition and the impact that 
vector-specific and antigen-specific mucosal immune responses may 
have on this process will require intensive investigation. Fourth, 
clinical vaccine studies will need to adapt to the safety concerns raised 
by the STEP study, such as possibly excluding subjects who have pre- 
existing neutralizing antibodies to the vaccine vector that is used until 
this phenomenon is more completely understood. Fifth, future 
T-cell-based vaccine candidates should be prioritized for clinical 
efficacy studies only if they are convincingly superior to the homo- 
logous rAd5-Gag/Pol/Nef regimen that has failed. Sixth, non-human 
primate challenge models should be recalibrated on the basis of the 
STEP study to guide future HIV-1 vaccine development. 

The protection afforded by the homologous rAd5 regimen against 
SHIV-89.6P indicates that this model lacks sufficient stringency for 
the evaluation of T-cell-based vaccine candidates. Although the more 
stringent SIV challenge model cannot be considered to be validated 
until there is a successful clinical efficacy study in humans, it seems 
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depicted. Infections in vaccinees (red) and placebos (blue) are shown in 
individuals stratified by their pre-existing Ad5-specific neutralizing 
antibody titres. Data represent the modified intent-to-treat population. 
Image courtesy of M. Robertson, Merck Research Laboratories. 


reasonable to use SIVyacz39 OF SIVMacosi as challenge viruses for 
evaluating next-generation vaccine candidates (Box 3). Preclinical 
challenge studies need to be adequately powered with sufficient fol- 
low-up time, and the vaccine schedule and dose should model the 
proposed clinical regimen. For optimal stringency, studies should 
exclude rhesus monkeys that express MHC class I alleles that are 
specifically associated with efficient virologic control, such as 
Mamu-A*01, Mamu-B*17 and Mamu-B*08. The use of homolo- 
gous Env antigens that may inappropriately overestimate protective 
efficacy should also be avoided. Mucosal challenges may offer certain 
physiological advantages over intravenous challenges, and these chal- 
lenge models should therefore be developed. Finally, increased 
emphasis should be placed on assessing the capacity of promising 
vaccine candidates to protect against highly heterologous SIV chal- 
lenges, because infecting viruses in humans will almost certainly be 
heterologous to any vaccine sequence. Because very few heterologous 
SIV challenge studies have been completed so far, a practical approach 
may be to determine the protective efficacy of promising vaccine 


Box 3 | Recommendations for preclinical challenge studies of T-cell- 


based vaccines 


(1) Use stringent challenge virus (SIVmaco30, SIVmac2s1: 

(2) Design study with adequate power and follow-up time. 

(3) Model clinical regimen with vaccine schedule and dose. 

(4) Select rhesus monkeys that lack MHC alleles associated with 
efficient virologic control (Mamu-A*01, Mamu-B*17, Mamu-B*08). 
(5) Avoid the use of a homologous Env antigen. 

(6) Assess promising vaccine concepts against both homologous and 
heterologous viral challenges. 
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candidates against both homologous and heterologous SIV chal- 
lenges. It is currently debated whether non-human primate challenge 
studies should be used as a formal ‘gatekeeper’ for advancing vaccine 
candidates into clinical efficacy studies, because the capacity of this 
model to predict the results of clinical efficacy studies remains unclear. 
Nevertheless, it would seem reasonable to give a relative priority to the 
development of vaccine candidates that lead to durable control of 
setpoint viral loads after SIV\¢aco39 OF SIV\acos) Challenge. 

The STEP study has also had a major impact on other HIV-1 
vaccine programmes in the field. HVTN 503 was terminated as it 
used the same rAd5-based vaccine candidate that was used in 
HVTN 502. The NIH Vaccine Research Center has developed a 
DNA prime/rAd5 boost vaccine regimen expressing clade B Gag— 
Pol and multiclade Env antigens. This vaccine candidate has been 
shown to be immunogenic in most individuals in phase 1 studies, 
particularly for the Env antigens®”***’. In preclinical studies, a DNA 
prime/rAd5 boost vaccine regimen expressing SIV Gag, Pol, Nef and 
Env antigens afforded a 1.1log reduction of peak viral loads for 
112 days after a homologous SIV\jaczs; challenge’. However, no 
durable control of setpoint viral loads was observed with this vaccine, 
although delayed progression to AIDS-related mortality was evi- 
dent’. NIH recently announced that it will not proceed with a large 
phase 2b efficacy study known as PAVE 100, although a smaller, more 
focused efficacy study with this vaccine candidate is still under con- 
sideration’. DNA prime/poxvirus boost regimens are also being 
evaluated using modified vaccinia Ankara (MVA)® and NYVAC” 
vectors, and phase 1 clinical trials have demonstrated immunogeni- 
city in most volunteers. Central to all of these programmes, however, 
is the hypothesis that DNA priming before vector boosting will 
improve protective efficacy. This has been observed in some” but 
not all” SIV challenge studies, and thus it still remains an open 
question that requires further investigation and should be considered 
a high priority. 

New rAd vectors derived from Ad serotypes that are rare in human 
populations are also being explored as a strategy to evade pre-existing 
Ad5-specific neutralizing antibodies. It is hoped that such vectors 
may offer immunologic as well as safety advantages as compared with 
rAd5 vectors by circumventing pre-existing vector-specific neutral- 
izing antibodies. However, these possibilities have not yet been con- 
firmed in clinical trials. Current strategies include the development of 
rare serotype rAd26, rAd35 and rAd48 vectors’””**; chimaeric 
rAd5HVR48 vectors in which dominant Ad5-specific neutralizing 
antibody epitopes have been exchanged**; and non-human rAd vec- 
tors®*”**, Rare serotype rAd vectors are biologically different from 
rAd5 vectors in terms of their cellular receptors, tropism, intracellu- 
lar trafficking pathways and innate immune profiles. Moreover, 
rAd26 and rAd48 vectors have been shown to elicit T lymphocyte 
responses of a substantially different phenotype as compared with 
rAd5 vectors®’, and potent heterologous rAd prime-boost regimens 
can be constructed using serologically distinct rAd vectors. We have 
recently demonstrated that a heterologous rAd26 prime/Ad5 boost 
regimen expressing SIV Gag afforded a durable 2.4 log reduction of 
setpoint viral loads after SIV\acos; challenge of Mamu-A*01-nega- 
tive rhesus monkeys, whereas a homologous rAd5 regimen provided 
no protection in this stringent challenge model”. These data suggest 
that vaccine candidates that elicit improved magnitude, breadth and 
quality of T lymphocyte responses may provide superior protective 
efficacy as compared with homologous rAd5 regimens. 


Perspectives and future directions 

To a great extent, HIV-1 vaccine science is still in its infancy. Major 
unsolved problems remain, and a renewed commitment to basic 
discovery research in addition to preclinical studies and clinical trials 
will be required to move the field forward. Clinical trials that are 
focused on answering specific scientific hypotheses rather than exclu- 
sively aimed at product development may be most useful to the field 
at the present time. Certain vaccine regimens, such as heterologous 
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rAd prime—boost regimens, may offer the possibility of improved 
magnitude, breadth and quality of T lymphocyte responses as com- 
pared with the homologous rAd5 regimen. New antigen concepts, 
such as centralized consensus’’”’ and mosaic”? immunogens, may 
also result in increased breadth of cellular immune responses and 
improved coverage of viral diversity. 

Perhaps the most important research focus should be the develop- 
ment of improved Env immunogens to elicit broadly reactive neut- 
ralizing antibodies. Given the scope of this problem, increased basic 
research regarding the structure, function and immunogenicity of 
the Env glycoprotein will be required. Innovative and high-risk ideas 
should be pursued, and promising approaches should be tested as 
rapidly as possible in preclinical studies and eventually in clinical 
trials. Ultimately, it is likely that a combination vaccine consisting 
of separate vaccine components that elicit T lymphocytes and neut- 
ralizing antibodies will prove optimal. As a result, development of 
improved T-cell-based and antibody-based vaccine strategies should 
be pursued in parallel. 

To achieve these goals, it will be critical to attract and to retain 
talented new investigators to the field. Funding programmes should 
therefore be expanded to encourage junior investigators to explore 
innovative ideas that address critical problems in the field. Given the 
scientific challenges currently facing the HIV-1 field, increased sup- 
port and encouragement of fellows and junior faculty should be 
viewed as a top priority by both senior investigators and funding 
organizations. It will also be important for industry to continue to 
participate in the HIV-1 vaccine field, as biotechnology and phar- 
maceutical companies have critical knowledge and capacities that are 
not available in academia, government and non-profit organizations. 

A current debate is whether the HIV-1 vaccine field can ‘withstand’ 
another vaccine efficacy study failure. For HIV-1, the scientific chal- 
lenges are enormous, and thus so are the risks in testing any new 
vaccine concept. Clearly, the decision to advance a vaccine candidate 
into efficacy trials should be highly selective and based on a rigorous 
and transparent analysis of preclinical and clinical data. However, 
there is no way to determine whether a potentially promising vaccine 
candidate will afford protection in humans other than by conducting 
a clinical efficacy study. Multiple efficacy trials may be required, and 
many concepts will undoubtedly fail. We should therefore be ready to 
accept multiple failures of efficacy studies as part of the expected 
pathway towards the ultimate successful development of a safe and 
effective HIV-1 vaccine. 
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BRIEF COMMUNICATIONS ARISING 


Photoemission kinks and phonons in cuprates 


Arising from: F. Giustino, M. L. Cohen & S. G. Louie Nature 452, 975-978 (2008) 


One of the possible mechanisms of high transition temperature (T-) 
superconductivity is Cooper pairing with the help of bosons, which 
change the slope of the electronic dispersion as observed by photo- 
emission. Giustino et al.’ calculated that in the high temperature 
superconductor La, _.gsSro,;sCuO, crystal lattice vibrations (phonons) 
should have a negligible effect on photoemission spectra and con- 
cluded that phonons do not have an important role. Here we show 
that the calculations used by Giustino et al.’ do not reproduce the 
huge influence of electron-phonon coupling on important phonons 
observed in experiments. Thus, we would similarly expect that these 
calculations do not explain the role of electron-phonon coupling for 
the electronic dispersion. 

Density functional theory (DFT) calculations used by Giustino et 
al.' treat electrons and phonons as independent entities, which scatter 
each other. Because of this scattering, the electronic states acquire 
finite lifetimes and abrupt changes in dispersions (kinks) at the pho- 
non energies. In addition, the phonons soften and broaden in energy. 
These effects are calculated from first principles without adjustable 
parameters. Therefore, if DFT is appropriate for the high T. cuprates it 
ought to accurately reproduce the electronic contribution to phonon 
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Figure 1| Comparison of DFT predictions with experimental results for 
Lajz.gsSto.15sCuO, and YBa2Cu307 at10K. a, b, Experimental bond- 
stretching phonon dispersions** compared to DFT results’'”. The data in 
aare shifted by 2 meV. c, Phonon line widths in La, g5Sro,;;CuO, (refs 2 and 
3) compared with DFT results (K.-P. Bohnen, personal communication) on 
YBa,Cu;307. Giustino et al.' contains no line-width results for 
Laj.g5Sr,1sCuO, but we expect them to be similar. Error bars represent s.d.; 
q represents reduced wavevector in reciprocal lattice units (r.l.u.). FWHM, 
full-width at half-maximum. 


softening and broadening deduced from neutron or X-ray scattering 
experiments. 

DFT predicts that the phonon branch, in large part responsible for 
the calculated electronic dispersion kink, is the optical bond-stretch- 
ing branch involving the bond-stretching motion of CuO, plane 
oxygen against copper’. Several experimental papers have high- 
lighted large anomalous renormalization of these phonons’ *. They 
have huge low temperature dispersion dips and/or line-width maxi- 
ma around half-way (h= 0.3) to the zone boundary in the super- 
conductors La;.g5Sto,;5;CuO, (refs 2 and 3) and YBazCu30; (ref. 4). 
However, DFT predicts a smooth dispersion without any pro- 
nounced features in either the dispersion or line width around 
h= 0.3 (Fig. 1). Furthermore, the very small calculated line widths 
in Fig. 1b illustrate that the calculated electron-phonon coupling is 
very weak in absolute terms. 

Substantial evidence points to an electronic origin of the phonon 
effect. First, the phonon anomaly weakens at elevated temperatures””, 
whereas alternatives such as phonon-phonon scattering and structural 
inhomogeneity should either show the opposite trend or have no 
temperature dependence. Second, the phonon effect appears at specific 
wavevectors and is phenomenologically similar to anomalies observed 
in conventional systems with strong electron-phonon coupling. Third, 
both phonon renormalization”® and the photoemission kink’ become 
bigger when hole concentration decreases from high doping (in which 
superconductivity is suppressed) towards so-called ‘optimal’ doping 
with the maximum superconducting T.. This simultaneous enhance- 
ment of the two features may result from an increase in electron— 
phonon coupling due to enhanced electronic correlations or reduced 
screening not included in DFT. The findings of Giustino et al.' cannot 
rule out such hypotheses. The same holds for YBazCu307 where there is 
a similar disagreement between the experimental and DFT results for 
both the phonon dispersions and the photoemission kink’. 

It is notable that many-body calculations predict a considerable 
enhancement of the coupling to bond-stretching phonons compared 
to DFT and describe anomalous doping dependence of the zone 
boundary phonons”’®, suggesting that strong correlation effects 
might be relevant. Recent high resolution photoemission measure- 
ments have found an oxygen isotope effect in the dispersion kink at 
the half-breathing phonon energy, hinting at an important role of 
oxygen phonons''. We conclude that more work is necessary to 
establish phonon contribution to the photoemission kink. 
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ARTICLES 


Speciation through sensory drive in cichlid 
fish 


Ole Seehausen’”, Yohey Terai’, Isabel S. Magalhaes’”, Karen L. Carleton’, Hillary D. J. Mrosso”, Ryutaro Miyagi’, 
Inke van der Sluijs°+, Maria V. Schneider*+, Martine E. Maan°+, Hidenori Tachida’, Hiroo Imai® & Norihiro Okada° 


Theoretically, divergent selection on sensory systems can cause speciation through sensory drive. However, empirical 
evidence is rare and incomplete. Here we demonstrate sensory drive speciation within island populations of cichlid fish. We 
identify the ecological and molecular basis of divergent evolution in the cichlid visual system, demonstrate associated 
divergence in male colouration and female preferences, and show subsequent differentiation at neutral loci, indicating 
reproductive isolation. Evidence is replicated in several pairs of sympatric populations and species. Variation in the slope of 
the environmental gradients explains variation in the progress towards speciation: speciation occurs on all but the steepest 


gradients. This is the most complete demonstration so far of speciation through sensory drive without geographical 
isolation. Our results also provide a mechanistic explanation for the collapse of cichlid fish species diversity during the 


anthropogenic eutrophication of Lake Victoria. 


The sensory drive hypothesis for speciation'” predicts that adapta- 
tion in sensory and signalling systems to different environments in 
allopatry may cause premating isolation on secondary contact of 
populations. Recent theoretical work suggested that sensory drive 
can lead to the evolution of colour polymorphisms*“ and speciation’, 
even in the absence of geographical isolation, when the light environ- 
ment is heterogeneous. However, the only case of sympatric sister 
species, in which assortative mating has been shown to be facilitated 
by sensory drive, were sticklebacks in British Columbia®. Here we 
provide ecological, population genetic and molecular evidence for 
each of the predictions of sensory drive speciation’ in sympatric 
cichlid fish inhabiting light gradients in Lake Victoria (East Africa). 

Lake Victoria is spatially highly heterogeneous in water clarity and 
ambient light”*, and there is much evidence that the cichlid visual 
system has been under strong diversifying selection during the adap- 
tive radiation of cichlids into several hundred species in Lake 
Victoria’. Vertebrate visual pigments consist of a light-absorbing 
component, the chromophore, and a protein moiety, the opsin'®. 
Spectral sensitivity is determined by the chromophore (Al or A2 
pigments), and by its interaction with the amino acid residues lining 
the retinal-binding pocket of the opsin in which the chromophore 
lies". Eight different visual pigments have been found in all haplo- 
chromine cichlids'?"", but only a subset of these is expressed in any 
individual species'”'*'°. Several Pundamilia species from Lake 
Victoria expressed the same complement of four opsin genes: 
short-wavelength-sensitive opsin gene 2a (SWS2A, Amax ~455 nm) 
in single cones; rhodopsin-like (RH2, 2max ~528nm) and long- 
wavelength-sensitive opsin gene (LWS, Amax ~565nm) in double 
cones; and rhodopsin (RH1, Amax ~505 nm) in rods'*. Of these, the 
LWS opsin gene is by far the most variable among Lake Victoria 
cichlids'*"’, with sequence variation being five times greater than 


in Lake Malawi cichlids despite a tenfold greater age of the latter 
species flock'®. 

Female Lake Victoria cichlids have mating preferences for con- 
spicuously coloured males’. Perception of conspicuousness is influ- 
enced by ambient and background light, signal transmission, receiver 
sensitivity and higher level processing**®. Sympatric pairs of closely 
related cichlid species, one with red and one with blue nuptial coloura- 
tion (Fig. 1 and Supplementary Fig. 3), are common in Lake Victoria’. 
Visual pigments have been compared for three pairs, and behavioural 
light detection thresholds measured in two. In each pair, the red 
species has its LWS Amax at a longer wavelength’®”', with a lower 
detection threshold for red but a higher one for blue light**”’. These 
observations are consistent with a role for sensory drive in speciation, 
whereby interaction between ambient light, natural-selection-driven 
divergence of visual sensitivities and sexual selection for conspicuous 
male colours leads to the fixation of different male colours’*’*”’. 

Examining the role of environmental gradients in speciation 
requires tests at replicate gradients, as is recognized both in evolu- 
tionary ecology**** and in population genomics’. A recent model of 
clinal speciation through sensory drive’, as well as other models of 
clinal speciation*”°, predicts the greatest probability of speciation 
on gradients of intermediate slope. There, migration rates are suffi- 
ciently low to be compensated for by selection, but are sufficiently 
high to generate significant migration load*' and intermediate geno- 
types with a poor fit to the local environment. Migration load and 
reduced fitness of intermediate genotypes lead to disruptive selec- 
tion, which may be required for the evolution of assortative mating 
through reinforcement-like mechanisms*~*°. Previously we demon- 
strated adaptive evolution in the LWS opsin gene of the Lake Victoria 
cichlid fish Neochromis greenwoodi and Mbipia mbipi along very 
shallow gradients of light colour mediated by variation in turbidity 
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between islands’. LWS genotype frequencies and male colour morph 
frequencies formed correlated clines, but, even though populations at 
opposite ends of one gradient fixed different LWS alleles, all popula- 
tions retained polymorphism for colour, indicating that speciation 
remained incomplete’. 

Here we investigate populations of cichlid fish living on light gra- 
dients primarily mediated by water depth within islands in Lake 
Victoria. Pundamilia pundamilia and Pundamilia nyererei*®* (Fig. la 
and Supplementary Fig. 3) are geographically fully sympatric. Within 
islands, they have narrowly parapatric depth ranges. Where they are 
phenotypically well differentiated, P. pundamilia has blue—grey male 
nuptial colouration whereas P. nyererei nuptial males are yellow with 
a bright crimson-red dorsum. Females of both are cryptically yellow- 
ish and have mating preferences for the nuptial colouration of con- 
specific males****. The red P. nyererei occurs at greater mean water 
depths, in more red-shifted ambient light than the blue P. pundami- 
lia’’. P. nyererei have a lower threshold for the detection of red light, 
whereas P. pundamilia possess a lower threshold for detection of blue 
light’*. Earlier we found that red and blue fish tended to possess 
different alleles at the LWS opsin gene locus’®. Here we fully develop 
this system to test predictions of sensory drive speciation. 
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Figure 1| Male phenotypes, light gradients and LWS opsin absorbance. 

a, Variation in male nuptial colouration. Five phenotype classes from 0 
(‘blue’, typical P. pundamilia; top) to 4 (‘red’, typical P. nyererei; bottom). 
b, An example of a moderately steep light gradient (Python island): surface 
light spectrum (blue) and three subsurface light spectra measured at 0.5m 
(green), 1.5m (orange) and 2.5 m (red) water depth. The line through 

550 nm indicates the divide used to calculate the transmittance orange ratio. 
Arrows indicate peak absorbance of two opsin pigments: main allele groups 
at LWS opsin locus (544 nm and 559 nm) and known range of peak 
absorbance at SWS2A locus"’. ¢, Slopes of seven different light gradients. The 
lines for two shallow gradients overlay each other and are together labelled 
‘Mwanza Gulf. For this line, the x-axis represents the distance from clear 
water (rather than from shore). Significant differentiation in opsin genes was 
observed on all gradients with slopes equal to or shallower than the Kissenda 
(orange) line, but speciation was observed only on gradients with slopes 
between the Kissenda (orange) and the Makobe (blue) lines. The dark grey 
arrow indicates region with divergent adaption at LWS opsin gene, and the 
light grey arrow indicates region with speciation. d, Absorption spectra of 
LWS pigments evaluated by the dark—light difference spectra’. The LWS 
pigments were reconstituted from the H allele with A1 retinal (top) and from 
the P allele with A1 retinal (bottom). /,,,, values (with standard errors) are 
indicated. 
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If sensory drive caused speciation into a red and a blue species, we 
expected to find: (1) variation in the LWS opsin sequence at amino 
acid positions where they shift 7,,,3 (2) an association of such 
sequence variation with water depth, such that more red-shifted alleles 
occur at greater depth; and (3) an association of LWS alleles with the 
predominant male nuptial colouration of a population, such that 
populations with predominantly red-shifted opsin alleles have predo- 
minantly red males. Furthermore, if disruptive selection was required 
to complete speciation through the evolution of assortative mating, 
we predicted that the strongest associations between LWS alleles, 
water depth and colour occur on intermediate light slopes (prediction 
(4)). For testing prediction (4), we compared the data from the depth- 
mediated gradients of this study with data we had collected earlier on 
populations occupying the same depth at different islands with dif- 
ferent turbidities’ (see Supplementary Information). 


Light, depth and colour 


We examined depth-mediated light gradients at five islands. The light 
climate of Lake Victoria is dominated by effects of particulate (non- 
phytoplankton) matter, selectively absorbing and scattering light of 
short wavelengths*, causing successive shifts of ambient light 
towards longer wavelengths with increasing water depth (this study), 
and also with increasing turbidity (earlier study)’*. The rate at which 
ambient light changes with increasing depth is positively correlated 
with turbidity* (difference between islands in this study). The cichlids 
we study feed and breed right above and within the rocky substrate. 
We characterize depth-associated light gradients in their habitat by 
the change in the ‘transmittance orange ratio’ that occurs per metre 
as one moves outwards from the shore into the lake along the lake 
floor (the ‘light slope’, see Methods and Fig. 1b). Steeper slopes occur 
with more turbid water and steeper shores (Table 1). The steepest 
light slopes occurred at the most turbid sites, Marumbi and Luanso 
islands (Table 1 and Fig. 1c). Intermediate slopes occurred at 
Kissenda and Python islands, and the shallowest slope at Makobe 
island. The latter was still steeper than all the turbidity-mediated light 
slopes of our earlier work’. The size of the light differential between 
the ends of the gradients was similar between the five depth-mediated 
gradients, and larger than on the turbidity-mediated gradients 
(Table 1 and Supplementary Table 1). 

Mapping the microdistribution of phenotypes on the five depth- 
mediated gradients using data from 960 males (Fig. 2a) revealed 
significant differences between islands. It showed the absence of 
any association between colour and ambient light (water depth) at 
Marumbi and Luanso (analysis of variance, ANOVA: df= 2, F= 1.1, 
P=0.3, and df= 2, F=0.3, P=0.7, respectively), but significant 
associations at all other sites (ANOVA: df= 2 (Kissenda), df= 1 
(Python, Makobe), F>50, P< 0.0001), and increasing strength of 
association with decreasing light slope (F ratio against slope, loga- 
rithmic regression, df= 4, R’ = 0.87, P = 0.021; Fig. 3). Blue pheno- 
types are associated with shallow waters (<3 m) in all locations, 
whereas red phenotypes occur in shallow waters only on the steepest 
gradients, and become restricted to greater depths with decreasing 
light slope. Frequency distributions of male nuptial colour pheno- 
types differ significantly between islands too (Fig. 2b). Distributions 
are unimodal and skewed towards blue on the two steepest gradients. 
They are bimodal with few intermediates on gradients of intermedi- 
ate slope, and consist of two discrete classes, blue and red, on the 
shallowest within-island gradient. 


Table 1| The five environmental gradients of this study 


Water clarity (cm 
Secchi) (mean = s.d.) 


Shoreline slope 
(mean + s.d.) 


Light slope Light 
differential 


Island 


Marumbiisland 53+8 0.82 + 0.15 14x10? 0.50 
Luanso island 50+ 10 0.54 + 0.05 96X10 0.50 
Kissenda island 78+ 24 0.52 + 0.12 79X107 0.50 
Python island 96+ 21 0.58 + 0.24 76X10? 0.50 
Makobe island 225+ 67 0.15 + 0.04 8x103 0.35 
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LWS gene variation, light and colour 

We observed 13 polymorphic sites (3 synonymous, 10 nonsynon- 
ymous) among the LWS sequences (Supplementary Table 6). Three 
nonsynonymous substitutions occurred at high frequencies. From 
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the bovine rhodopsin crystal structure’ we inferred that two of these 
variable amino acid positions, 216 (nucleotide site 647) and 275 (823 
and 824), are located in or near the retinal-binding pocket. The third 
one was position 230 (688), one of the tuning sites of human red/ 
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Figure 2 | Ecological, phenotypic, genetic and behavioural differentiation 
between blue and red Pundamilia nuptial phenotypes at five islands. All 
data for the same island are presented in the same column. Significant 
differences between islands indicated by asterisks (all tests two-tailed): 

*P < 0.05, ****P < 0.0001, (*)P <0.1.a, Depth distributions of male nuptial 
colour phenotypes. Blue bars, blue; pale yellow bars, intermediate; and orange 
or red bars, red (orange if dominated by class 3; red if dominated by class 4). 
Significance levels of differences between islands in the divergence between 
red and blue reported as P values of G-tests. b, Frequency distributions of 
male nuptial colour phenotypes (see Fig. 1a and text). Lines are quadratic fits; 
R’ and significance levels indicated. Significance levels of differences between 
islands reported as P values of G-tests. c, Frequencies of functional allele 
groups at the LWS opsin gene by island and male colour (left, blue; right, red). 
Numbers report sample sizes of completely sequenced haplotypes. For 
Marumbi and Luanso islands, only the haplotypes of those individuals are 
included that could be assigned to ‘blueish’ and ‘reddish’ phenotypes 
(altogether 24 and 54 haplotypes were sequenced from Marumbi and Luanso, 
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respectively). Fish from Marumbi were divided into classes 0 + 1 and classes 
2 + 3. Fish from Luanso were divided into classes 0 + 1 and 2-4. At all other 
islands, only fish of phenotype classes 0 and 4 were included. Alleles of the P 
group shown in blue, alleles of the H group in red, M3 alleles in yellow, and 
other alleles in grey. d, Allele frequencies at the SWS2A opsin gene by island 
and nuptial colour class. The SWS2A P allele shown in blue, the N allele in red, 
other alleles in black, and alleles not determined in grey. e, Individuals plotted 
on first and second axes of a factorial correspondence analysis of genetic 
variance calculated from 11 unlinked microsatellite loci. Colours indicate 
pooled male nuptial colour classes as described in ¢. f, Histograms of female 
mating preferences at Luanso island“ (left) and Python island” (right, 
includes new data). Blue, preference classes in which most females had 
statistically significant individual preferences for blue males; red, preference 
classes in which most females had significant preferences for red males; grey, 
preference classes in which females had no significant mating preference. 
Significance level of the difference in the frequency distributions between the 
two islands reported as P value of a G-test. 
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Figure 3 | Measures of differentiation between sympatric Pundamilia 
phenotypes plotted against water transparency (left) and light slope 
(right). Blue symbols and line: Spearman rank correlations between colour 
and LWS genotype (best fit to water clarity R* = 0.79, P = 0.045, df= 4; best 
fit to light slope R? = 0.69, P(one-tailed) = 0.042, df = 4.). Open symbols 
and dashed line: LWS Fsy between red and blue phenotypes (best fit to water 
clarity, R’ = 0.79, P = 0.044, df = 4; best fit to light slope, R’ = 0.65, P(one- 
tailed) = 0.045, df= 4). Filled orange symbols and orange line: association 
between colour and water depth (ANOVA F ratios (normalized to range 0-1 
for display); best fit to water clarity R* = 0.99, P = 0.000; best fit to light 
slope R’ = 0.87, P = 0.021; both df= 4). Filled black symbols and black line: 
microsatellite F;; (multiplied by 10 for display) between red and blue 
phenotypes (best fit to water clarity, R* = 0.99, P = 0.000; best fit to light 
slope, R? = 0.90, P(one-tailed) = 0.013; both df= 4). 


green opsin’’. Focusing on these three positions, we divided alleles 
into three groups described previously’: the H group (all alleles with 
216Y, 230A, 275C), the P group (216F, 230T, 2751) and the M3 group 
(216Y, 230T, 2751). M3 alleles can be considered recombinants or 
intermediate between H and P alleles. H and P alleles differed in only 
the 3 amino acid positions 216, 230 and 275. Substitutions at the 
other 7 nonsynonymous sites were rare and resulted in other allele 
variants (Supplementary Table 5). 

We reconstituted the LWS pigments from P alleles in vitro with A1- 
derived retinal, and measured their absorption spectra, as previously 
done for the H alleles’ (Fig. 1d). The peak spectral sensitivity (Amax) of 
the Al pigment of the P allele was blue-shifted by 15 nm relative to 
the H allele. The 2,2. values of cone outer segments expressing either 
P or H pigments were measured previously by microspectrophoto- 
metry, reporting too that P pigments were blue-shifted relative to H 
pigments'®. Hence, the absorption spectra of P and H alleles seem to 
be adapted to shallower and deeper water light environments in Lake 
Victoria, respectively (Fig. 1b, d), supporting prediction (1). 

Light gradients with slopes steeper than 0.09 were inhabited by 
populations with one or two different LWS alleles, whereas up to six 
different alleles were present on less steep gradients (Table 1 and 
Supplementary Tables 2 and 6). On these gradients of steepness 
0.008 = x = 0.09, H alleles were strongly associated with red nuptial 


Table 2 | Pairwise F,; statistics between sympatric phenotypes 
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colouration (y7>66, df=1, P<0.0001; Spearman correlation 
coefficients 0.74, 0.91 and 1, respectively, for slopes 0.079, 0.076 
and 0.008; P< 0.0001), and were rare in blue phenotypes (Fig. 2c, 
Supplementary Table 6 and Supplementary Information), support- 
ing prediction (3). 

A strong association between LWS alleles and water depth emerges 
from these results, supporting prediction (2): at Marumbi and 
Luanso islands, most individuals reside in waters less than 3 m deep. 
P alleles strongly dominate. At all other islands, only the blue pheno- 
type is confined to depths less than 3 m, and P alleles predominate 
among these fish, even where gene exchange with the red phenotype 
is frequent (see later). The sweep to high frequency of H alleles in the 
red phenotype is associated with shifting larger fractions of the popu- 
lation to depths beyond 3m. At Kissenda island, 75% of the LWS 
alleles of the red population belong to the red-shifted H group. The 
proportion of H alleles, residing in red individuals, increases to 
Python island and further to Makobe island, associated with succes- 
sively increasing fractions of the red population living in deep water 
(Fig. 2a versus 2c). Red and blue phenotypes were highly significantly 
differentiated at the LWS locus at Kissenda, Python and Makobe 
islands (For (fixation index) 0.65, 0.83, 0.89), but neither at Luanso 
nor at Marumbi islands (Fey 0.00). 


Gene flow at neutral loci 

A sensory drive model of speciation predicts that the rate of diver- 
gence at the opsin loci should exceed the rate of divergence at neutral 
loci. Our data are fully consistent with this prediction (Table 2). 
Pairwise Fs; between sympatric blue and red phenotypes estimated 
from 11 microsatellite loci reveal no differentiation at Marumbi or 
Luanso islands (Fig. 2e), consistent with the unimodal frequency 
distributions of male nuptial colour variants and the absence 
(Marumbi) or rarity of really red males. Pairwise Fey at all other 
islands suggest significant, albeit weak, differentiation, consistent 
with the strongly bimodal frequency distributions of male nuptial 
colour variants and the emergence of the really red phenotype at 
those islands. Whereas Fs; at the LWS locus jumps from 0 at 
Marumbi and Luanso to 0.65 at Kissenda, Fe; at microsatellite loci 
increases gradually and much more slowly (Figs 2c, e and 3). The 
number of microsatellite loci carrying the signature of differentiation 
increases steadily from Marumbi and Luanso (0 out of 11) to Makobe 
island (7 out of 11; Table 2), consistent with the successive disappear- 
ance of intermediate phenotypes. 

With the exception of Makobe island, all microsatellite Fy; among 
sympatric red and blue phenotypes are smaller than Fs; between any 
two allopatric populations of the blue phenotype, and 7 out of 10 of 
the red phenotype (Supplementary Fig. 1a and Supplementary Table 
3). Even the largest between-phenotype Fs; at Makobe is smaller than 
most within-phenotype Fs; between islands. This suggests either more 


sland Marumbi island Luanso island Kissenda island Python island Makobe island 
Light slope 0.144 0.096 0.079 0.076 0.008 
Fs; at LWS opsin locus 

0.000 0.000 0.648 0.826 0.890 
Fs7 at microsatellite loci 
Ppun21 0.000 0.000 0.010 0.006 0.023 
Ppun7 0.000 0.000 0.003 0.023 0.013 
Ppun5 0.000 0.002 0.002 0.000 0.010 
Ppun32 0.041 0.005 0.000 0.016 0.080 
Ppun17 0.000 0.000 0.000 0.046 0.027 
OSU16d 0.017 0.002 0.011 0.006 0.020 
OSU20d 0.002 0.000 0.040 0.004 0.008 
OSU19t 0.000 0.022 0.013 0.013 0.032 
TMOS5 0.000 0.013 0.000 0.012 0.010 
Pzeb3 0.000 0.000 0.002 0.048 0.107 
Pzeb5 0.000 0.000 0.024 0.024 0.049 
Multilocus (11psats) 0.000 0.002 0.010 0.014 0.026 


Significant F5¢ (P< 0.05) are shown in bold. 


©2008 Macmillan Publishers Limited. All rights reserved 


ARTICLES 


gene flow or more recent divergence between phenotypes within 
islands than between island populations of the same phenotype. It 
implies either parallel maintenance of phenotypic differentiation in 
the face of gene flow, or parallel sympatric speciation. All H alleles as 
well as the most frequent P allele are shared with several distantly 
related cichlid species (Supplementary Fig. 4). The two Pundamilia 
H alleles are the most frequent H alleles in those distantly related 
species too. Either red Pundamilia populations acquired these alleles 
once or multiple times from other species through introgressive 
hybridization, or the shared ancestor of red and blue Pundamilia 
possessed all the P and H alleles. In either scenario, the H and P allele 
split must pre-date the origin of the blue and red Pundamilia species. 


Selection on the LWS gene 


We analysed sequences up- and down-stream of LWS in a population 
(Python) that exhibits strong divergence in LWS but only weak differ- 
entiation at microsatellite loci. Sliding-window Fsy analysis revealed at 
least 6 times greater divergence in the LWS gene exons and in 2 kilo- 
bases (kb) of upstream sequence (Fs; > 0.8; Supplementary Fig. 2a) 
than in the downstream sequences (Fsy < 0.15), and more than 50 
times greater divergence than at microsatellite loci (Table 2). 
Together with results of McDonald tests** and HKA tests” 
(Supplementary Table 4 and Supplementary Information), this is con- 
sistent with a recent selective sweep in the red species, associated with 
increased presence in a red-shifted environment. 


Divergence in the SWS2A opsin gene 


We sequenced the SWS2A opsin gene at two islands to test for diver- 
gence at the short-wavelength end of the light spectrum. Out of 10 
variable nucleotide positions, 5 were synonymous and 5 were located 
in introns (Supplementary Table 7). At Kissenda, the SWS2A 
sequences were variable in both phenotypes, and differentiated 
between them (Fsy 0.1, P<0.01). At Makobe, a single SWS2A 
sequence variant was almost fixed in P. pundamilia, and the species 
were more strongly differentiated, although not as strongly as in LWS 
(Fsy: 0.437, P< 0.001; Fig. 2d). 


Female mating preferences 


Experiments and field data suggest that female Pundamilia use male 
colour as an important mate choice cue'®****. Most wild and labo- 
ratory-bred Python island females prefer either blue or red males, but 
laboratory-bred F,-hybrid females, most laboratory-bred F,-hybrid 
females and most Luanso females have no preference between blue 
and red males***’. Combining published data*®*’ with previously 
unpublished data for 11 females from Python island, we find that 
the frequency distributions of female mating preferences differ 
between the islands (G-test, P= 0.02), roughly resembling those of 
male nuptial colour (compare Fig. 2f with 2b). The distribution at 
Luanso (38 females) had a single mode on no preference, and a skew 
towards blue preference. The distribution at Python (27 females) was 
bimodal. 

We analysed Python island non-hybrid and laboratory-bred F, 
hybrid females to ask whether the LWS genotype directly determines 
mating preference. For non-hybrids and hybrids combined, we 
observed a significant association between individual LWS genotype 
and mating preference (7 = 22, df= 10, P= 0.03, 10,000 randomi- 
zations). However, this relationship was not significant when 
restricted to F, hybrid females (7 = 10.2, df= 6, P=0.13, 10,000 
randomizations). Hence, variation in the SWS2A-SWS2B-LWS 
chromosomal region alone does not strongly predict visual mating 
preferences in a laboratory environment: some component of mating 
preference seems independent of it, consistent with biometric esti- 
mates that implied that the difference in mating preferences between 
P. pundamilia and P. nyererei was due to more than one factor*’. 
Modelling light detection, using solar spectrum, water transmission, 
Pundamilia colour patch reflection and Pundamilia visual pig- 
ment absorption, suggested that a Jn, shift of 4nm towards longer 
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wavelengths causes a 10% increase in quantum catch for a fish look- 
ing at a red patch’®. It seems probable that, in interaction with ambi- 
ent light in the natural environment, the opsin genotype more 
strongly determines mating preference than it does under standard 
laboratory light conditions. 


Discussion 


Our data on ambient light colour, male nuptial colour, visual pig- 
ment Amax and female mating preference indicate sensory drive spe- 
ciation, which occurred or is maintained by selection without 
geographical isolation. However, we only observed this under a 
restricted range of environmental conditions. At all sites with mod- 
erately shallow to moderately steep light gradients, two differentiated 
populations emerged with strong associations between water depth, 
LWSalleles, colouration and preferences (Fig. 3). Strong bimodalities 
in the quantitative traits colour and preference, strong heterozygote 
deficiencies at the LWS opsin gene, and differentiation at microsa- 
tellite loci clearly indicate speciation initiated by strong selection on 
LWS. Very steep light gradients, in contrast, were inhabited by single 
panmictic populations that showed little variation in LWS, even 
though they contained some variation in colour and mating pref- 
erence. 

The following sensory drive speciation scenario is fully consistent 
with our data. First, divergent natural selection between light regimes 
at different water depths acts on LWS. Second, sexual selection for 
conspicuous colouration is also divergent because perceptual biases 
differ between light regimes. Third, their interaction generates initial 
deviation from linkage equilibrium between LWS and nuptial colour 
alleles as observed on all but the steepest gradients. Fourth, sub- 
sequent disruptive selection due to reduced fitness of genotypes with 
a mismatch between LWS and colour alleles causes speciation, per- 
haps involving reinforcement-like selection for mating preferences, 
whereby male nuptial colour may serve as a marker trait for opsin 
genotype. 

The strong association between LWS alleles and male nuptial col- 
ouration with few or no mismatch genotypes in sympatric species 
pairs is not restricted to P. pundamilia and P. nyererei (Table 3, 
Supplementary Fig. 3 and Supplementary Information). In contrast 
with these results, we did not find any such discontinuities in the 
frequency distribution of opsin genotypes along very shallow 
(between-island) gradients investigated earlier°>—that is, intermedi- 
ate LWS genotypes predominated in large sections of each gradient. 
This suggested the presence of divergent selection but the absence of 
disruptive selection (or the absence of an evolutionary response to 
disruptive selection). This is consistent with the low migration load 
predicted from the very small difference in ambient light that 
migrants between adjacent islands experience (Supplementary 
Table 1). Despite positive correlations between frequencies of LWS 
alleles and male nuptial colour morphs, and complete fixation of 
different LWS alleles between some populations, speciation as would 
be indicated first, by strong association between LWS and colour and, 
second, by genotypic and phenotypic discontinuities was not 
observed on these gradients. This may be due to a difference between 
the taxa that we studied, but it may also imply that speciation requires 
disruptive selection, and hence migration and gene flow between 
habitats****°**. In contrast, when migration exceeds selection, diver- 
gence cannot occur either***. This explains the absence of speciation 
on the steepest of our gradients. 

Our results are relevant to conservation because they provide a 
mechanistic explanation for the collapse of cichlid fish species divers- 
ity during the anthropogenic eutrophication of Lake Victoria®. 
Eutrophication changes the slope of environmental light gradients, 
and, by steepening them, potentially moves sites from the region in 
parameter space that is permissive of species coexistence into the 
region that is not. We hope these results help focus attention of 
biodiversity conservation efforts in Lake Victoria and other lakes to 
issues of water quality. 
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Table 3 | LWS opsin allele-group frequency (%) and male nuptial colouration in species of Pundamilia 


Species Population Male nuptial colour type P M3 H Others nt 
P. “Luanso” Luanso island Predominantly blue 100 0 0 0 54 
P. “Marumbi" Marumbi island Predominantly blue 92 0 8 0 24 
P. pundamilia Makobe island Blue 94 0 0 6 32 
P. pundamilia gombe island Blue 83 17 0 0) 6 

P. pundamilia-like* Kissenda island Blue 96 0 4 0) 70 
P. pundamilia-like* Python island Blue 90 1 4 5 82 
P. azurea*® Ruti island Blue 100 0 0 0 6 

P. nyererei-like* Kissenda island Red dorsum 25 0 75 0 52 
P. nyererei-like* Python island Red dorsum 4 0 96 0) 98 
P. nyererei Makobe island Red dorsum 0 4 96 0 112 
P. igneopinnis gombe island Red dorsum 0 0 100 0 6 

P. “red head"’*® Zue island Red chest 0 0 100 0 6 
Total 548 


* Hybridizing populations (neither P. pundamilia nor P. nyererei, but the hybridizing blue (P. pundamilia-like) and red (P. nyererei-like) populations shown in Fig. 2 (this study)). 
y g pop Pi y' y ig pi y' pop g. y 


+n represents n haplotypes sequenced. 


METHODS SUMMARY 


Ambient, absorbance and transmittance light spectra were measured with an 
Ocean Optics PS 1000 spectrophotometer and a 100m optical fibre, in the 
shade between 8:50 and 9:00 in the morning. We calculated the ‘transmittance 
orange ratio’ as the ratio of transmittance in the 550-700 nm range over the total 
visible range. The ‘light slope’ was obtained by regressing the transmittance 
orange ratio against distance (m) from the shore along the lake floor. Male fish 
in breeding colouration were collected by angling and netting; 480 males were 
photographed immediately in a photo cuvette. Water depth was measured and 
recorded to the nearest 0.5 m for each of 960 males. To determine the functional 
relevance of the observed amino acid substitutions in the LWS genes, the 
sequence of the P allele was reconstructed from the H allele by in vitro mutagen- 
esis. The pigments were then expressed, reconstituted and purified as described 
elsewhere’. Absorption spectra of reconstituted pigments were measured before 
and after irradiation with light (>490 nm). DNA was extracted from fin tissue of 
305 individuals and amplified using 11 microsatellite primers. The fragments 
were analysed on a Beckman Coulter CEQ 8000 Genetic Analysis System. 
Determination of the opsin genes was as described previously'’. We sequenced 
exons 2—5 of LWS (872 bp), which encode the trans-membrane region, from 263 
individuals (526 haplotypes). We sequenced exons 1—5 (including introns) of the 
SWS2A gene from males of Makobe island and Kissenda island. For detection of 
selection, the LWS gene and its 5-kb upstream and 3.5-kb downstream flanking 
sequences (total 10.5 kb) were amplified by long PCR’ and sequenced from 10 
red and 9 blue males from Python island. To determine female mating prefer- 
ences, we conducted laboratory two-way mate choice assays with females from 
Luanso island and Python island and laboratory-bred F, hybrids from Python 
island”. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Ambient light gradients and water clarity. Water transparency was measured 
using a white Secchi disk. Ambient, absorbance and transmittance light spectra 
between 400 nm and 750 nm were measured every metre between the surface and 
3m water depth with an Ocean Optics PS 1000 spectrophotometer and an 
optical fibre (100um), using SpectraWin 4.16 software (Avantes). 
Measurements were taken in the shade, between 8:50 and 9:00 in the morning. 
We calculated at every depth the ‘transmittance orange ratio’, which is a property 
of the water unaffected by variation in solar irradiance, as the ratio of transmit- 
tance in the 550-700 nm range (yellow, orange, red) over the total visible range 
(400-700 nm). The steepness of the light gradient, the ‘light slope’, was calcu- 
lated by regressing the transmittance orange ratio against the mean distance (m) 
from the shore, measured along the lake floor in three transects for every island. 
The turbidity-mediated between-island light slopes were calculated by regressing 
the transmittance orange ratio measured at every island at 2m water depth 
against the distance (m) from the clear water end of each gradient. The light 
differential was measured for both types of gradients as the difference between 
the transmittance orange ratios at the end points of a gradient. The largest 
possible value is 0.5, which is given when there is no longer any detectable blue 
light at the deep end ofa gradient (transmittance orange ratio = 1 (that is, orange 
is the only transmitted light); whereas at the surface the full amounts of both blue 
and orange light are present (that is, transmittance orange ratio = 0.5)). 
Frequency and depth distribution of male colouration. Males were collected by 
angling and gill nets in April and August 2001, February 2003, and January and 
May 2005. Photos were taken of 11 (Marumbi), 241 (Luanso), 64 (Kissenda), 34 
(Python) and 130 (Makobe) males in breeding dress—480 in total—immediately 
on capture in specially designed photographic cuvettes. Photos were scored on a 
5-point (0-4) colour phenotype scale by two to five independent observers, and 
the mean value was used‘! (Fig. 1). Phenotype scoring of different observers was 
very similar (Spearman correlations between 0.605 and 0.729, P< 0.05). Linear 
regressions with a quadratic term were fitted to the log-transformed counts of the 
colour phenotypes from each island separately using R*’. Frequency distributions 
were compared between islands by G-tests. 

Water depth was measured and recorded to the nearest 0.5 m for each of 960 
males. The association between phenotype and water depth was tested for each 
island separately using ANOVA tests. These males were assigned to colour classes 
in the field, and only three robust classes were used: blue, intermediate and red 
(corresponding to classes 0 + 1, 2 and 3 + 4). G-tests were performed to com- 
pare depth distributions between islands. The curve-fitting procedure in SPSS 
(SPSS Inc. 2005) was used to quantify the relationship between strength of 
association (F-value) and steepness of the light slope. 

LWS absorption spectra. In vitro mutagenesis of LWS for construction of the 
sequence of P alleles, expression, reconstitution, purification and measurement 
were performed as described previously’ with minor modifications. We measured 
absorption spectra of reconstituted pigments before and after irradiation with light 
(>490 nm). On the basis of the Am ax Values determined by 3 independent difference 
spectra calculated from the measurements using independent preparations, we 
determined the absorption maximum values for each allele with standard errors. 

Population genetics of neutral loci. DNA was extracted from fin tissue of 
305 individuals (Marumbi 13, Luanso 61, Kissenda 59, Python 84, Makobe 
88) and amplified using 11 microsatellite primers developed for these or other 


nature 


haplochromine species (see Supplementary Methods). We used Arlequin*® to 
calculate observed and expected heterozygosities, to test for significance of 
departure from Hardy—Weinberg equilibrium for each locus in each population 
(1 million MCMC permutations), and for significant deviations from linkage 
equilibrium (10.000 permutations). After sequential Bonferroni correction”, 3 
out of 55 tests revealed significant deviations from Hardy—Weinberg equilibrium 
(1 locus each in P. pundamilia and P. nyererei from Makobe, 1 in P. pundamilia 
from Kissenda), and 2 tests of linkage equilibrium were significant: 1 in P. 
pundamilia from Python island and 1 in P. pundamilia from Kissenda island. 
Because there was no indication of any consistent linkage disequilibrium across 
populations between any pair of loci, all loci were retained for subsequent ana- 
lysis. Molecular variance among individuals within and between phenotype 
groups was visualized in a factorial correspondence analysis performed over 
individuals in Genetix 4.05 (ref. 48). Fs; estimates and their significance were 
calculated over 100 permutations, as implemented in Arlequin”’. 

Population genetics of opsin genes. Determination of the LWS gene was as 
described previously'’. We determined the sequences of exons 2-5 of LWS 
(872 bp), which encode the transmembrane region, from 263 individuals (526 
haplotypes): Marumbi (12 individuals; 24 haplotypes), Luanso (27; 54), 
Kissenda (62; 124), Python (90; 180) and Makobe (72; 144). Additionally, we 
sequenced exons 2-5 of several hundred individuals of other species of Lake 
Victoria cichlids (Supplementary Fig. 4). Determination of the SWS2A gene is 
described in Supplementary Methods. We sequenced exons 1-5 (including 
introns) from males of Makobe (16 P. pundamilia and 17 P. nyererei) and 
Kissenda (20 blue and 20 red males). Fs; values for LWS and SWS2A sequences 
were calculated using DnaSP 4.0 (ref. 49). The SWS2A sequence (1,930 bp) was 
split into two putative alleles for the analysis. 

Molecular signature of selection on LWS. Determination of the LWS flanking 
sequences and the tests for detection of selection were performed as described 
previously’ with minor modifications. The LWS gene and its 5 kb upstream and 
3.5kb downstream flanking sequences (total 10.5kb) were amplified by long 
PCR’ from 10 red and 9 blue males. To reflect the approximate frequencies of 
LWS alleles in the two phenotype populations, we included one heterozygous 
(H/P) individual of each nuptial colour. The McDonald test** was calculated 
with the recombination parameter set to 2, 4, 10, 32 and 1,000 replicates. 
Female mating preferences. We conducted laboratory two-way mate choice 
assays as described elsewhere’. Each female was tested in at least 5 trials with 
5 different male pairs. A G-test was used to compare the frequency distributions 
of mating preferences between islands. 
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In vivo reprogramming of adult pancreatic 
exocrine cells to f-cells 


Qiao Zhou’, Juliana Brown’, Andrew Kanarek', Jayaraj Rajagopal’ & Douglas A. Melton’ 


One goal of regenerative medicine is to instructively convert adult cells into other cell types for tissue repair and 
regeneration. Although isolated examples of adult cell reprogramming are known, there is no general understanding of how 
to turn one cell type into another in a controlled manner. Here, using a strategy of re-expressing key developmental 
regulators in vivo, we identify a specific combination of three transcription factors (Ngn3 (also known as Neurog3) Pdx1 and 
Mafa) that reprograms differentiated pancreatic exocrine cells in adult mice into cells that closely resemble (-cells. The 
induced [-cells are indistinguishable from endogenous islet B-cells in size, shape and ultrastructure. They express genes 
essential for B-cell function and can ameliorate hyperglycaemia by remodelling local vasculature and secreting insulin. This 


study provides an example of cellular reprogramming using defined factors in an adult organ and suggests a general 
paradigm for directing cell reprogramming without reversion to a pluripotent stem cell state. 


Cells of adult organisms arise from sequential differentiation steps that 
are generally thought to be irreversible’. Biologists often describe this 
process of development as proceeding from an undifferentiated 
(embryonic) cell to a terminally differentiated cell that forms part of 
an adult tissue or organ. There are rare examples, however, in which 
cells of one type can be converted to another type in a process called 
cellular reprogramming or lineage reprogramming”’. Various forms of 
cellular reprogramming are referred to in the literature as transdiffe- 
rentiation, dedifferentiation or transdetermination*. For example, cel- 
lular reprogramming occurs in amphibian limb regeneration and fly 
imaginal disc identity switches”®, and it may be central to certain types 
of pathological metaplasia‘. There is long-standing interest and fascina- 
tion in reprogramming studies, in part because of the promise of har- 
nessing this phenomenon for regenerative medicine whereby abundant 
adult cells that can be easily collected would be converted to other 
medically important cell types to repair diseased or damaged tissues. 
Somatic cell nuclear transfer (SCNT), developed in the 1960s, 
demonstrated that nuclei from differentiated adult cells could be repro- 
grammed to a totipotent state after injection into enucleated eggs”’. 
More recently, it was shown that a small number of transcription 
factors can reprogram cultured adult skin cells to induced pluripotent 
stem (iPS) cells*’*. These studies point to the possibility of regenerating 
mammalian tissues by first reverting skin or other adult cells to pluri- 
potent stem cells and then redifferentiating these into various cell types. 
Alternatively, it should be possible to convert one cell type into another 
directly, without the need to first revert the cell to an undifferentiated 
pluripotent state. Indeed, there are examples in the literature that sug- 
gest that this approach is feasible. For example, studies with embryonic 
cells have shown that dermal fibroblasts and retinal epithelial cells can 
be converted into muscle-like cells’*, and pancreatic tissue to liver’®. In 
adult animals, mature B lymphocytes have been reprogrammed into 
macrophages" or pro-B cells'’. Today, well documented examples of 
cellular reprogramming, especially in adult animals, remain rare and 
have generally been restricted to cases in which a single inducing factor 
is involved. The recent work on iPS formation suggests that a specific 
combination of multiple factors, instead of a single one, might be the 


most effective way to reprogram adult cells*’. 


We developed a strategy to identify adult cell reprogramming 
factors by re-expressing multiple embryonic genes in living adult 
animals. Our focus on embryonic genes is based in part on regenera- 
tion studies in newts, frogs and fish, wherein it has been shown that 
dedifferentiation of adult cells to progenitors, a form of cellular 
reprogramming, is accompanied by reactivation of embryonic regu- 
lators®'*'’. These studies suggest that re-expression of appropriate 
embryonic genes may reprogram differentiated cells. 

To search for factors that could reprogram adult cells into B-cells, 
we focused on transcription factors, a class of genes enriched for 
factors that regulate cell fates during embryogenesis. An in situ 
hybridization screen of more than 1,100 transcription factors iden- 
tified groups of transcription factors with cell-type-specific expres- 
sions in the embryonic pancreas”. There are at least 20 transcription 
factors expressed in mature f-cells and their immediate precursors, 
the endocrine progenitors (Supplementary Table 1). Of these, 9 genes 
exhibited B-cell developmental phenotypes when mutated”, and 
these were selected for initial reprogramming experiments. 

We chose mature exocrine cells of the adult pancreas as target cells 
for reprogramming. Exocrine cells derive from pancreatic endoderm, 
as do B-cells”, and exocrine cells can turn on endocrine programs when 
dissociated and cultured in vitro’*”’. We carried out our experiments in 
vivo so that any induced -cells would reside in their native envir- 
onment, which might promote their survival and/or maturation. In 
addition, this approach allows for a direct comparison of endogenous 
and induced f-cells. The transcription factors were delivered into the 
pancreas in adenoviral vectors. It has been shown that adenovirus 
preferentially infects pancreatic exocrine cells, but not islet cells”°, 
and, because most endogenous f-cells reside within islets (Fig. 1b), 
any newly formed (induced) f-cells could be easily detected as extra- 
islet insulin™ cells. 


Induction of insulin* cells in adult mice 

Adenovirus that co-expresses each transcription factor together with 
nuclear GFP (nGFP) was purified. All nine viruses were pooled and 
injected as a mixture (referred to as M9, for mixture of nine) into the 
pancreata of 2-month-old adult mice (Fig. 1a). The immune-deficient 
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Ragl '~ strain was used to avoid complications associated with viral- 
elicited immune response”. One month after viral delivery, immuno- 
histochemistry revealed a modest increase of extra-islet insulin™ cells 
among viral infected cells (nGEP*) in two out of three animals 
(Fig. 1d). To determine which of the nine factors are required, indi- 
vidual factors were removed from the pool one at a time. Pools lacking 
Nkx2.2, Nkx6.1 or Pax4 continued to produce increased extra-islet 
insulin® cells (data not shown), suggesting that these genes are dis- 
pensable. Results for the other six genes were inconclusive. We con- 
ducted another round of factor withdrawal with mixtures of the 
remaining six genes (M6); three of them, Ngn3, Pdx1 and Mafa, 
proved to be absolutely required (Fig. 1d). The combination of these 
three factors (referred to as M3) converted >20% of infected cells to 
insulin™ cells (red cells with green nuclei, Fig. 1c, e). Notably, single 
factors or combinations of any two factors did not elicit this effect 
(Fig. le). Antibody labelling confirmed that these three inducing fac- 
tors are co-expressed in the induced insulin* cells (Supplementary 
Fig. 1). NeuroD (also known as Neurodl) can functionally 
replace Ngn3 in M3, but the resulting cocktail has reduced induction 
efficiency (Fig. le). 

We noticed that the percentage of insulin* cells among infected 
cells increases with progressive removal of factors from the pool such 
that M3 induces more insulin® cells than M6, whereas M6 is better 
than M9 (Fig. 1d, e). This is probably due to the fact that a constant 
volume of virus was injected into each animal, regardless of the viral 
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Figure 1| A combination of three transcription factors induces 

insulin’ cells in adult mouse pancreas in vivo. a, Schematic diagram of the 
experimental strategy. Adenoviruses encoding bicistronic transcription 
factor (TF) and nGFP linked by an IRES element (I) were injected into the 
pancreas of an adult mouse (Rag ‘~). CMV, cytomegaloviral promoter. 

b, Wild type (WT) pancreas is predominantly exocrine tissue with insulin™ 
B-cells in the islet (outlined). Nuclei were stained blue with DAPI. c, One 
month after infection with a combination of Ngn3, Pdx1 and Mafa viruses 
(pAd-M3), numerous insulin” cells appear outside of islets. 

d, e, Quantification of induction one month after infection. M9, M6: mixture 
of 9 and 6 different viruses, respectively. Data are presented as mean + s.d.; 
n= 3 animals. ~1,000 nGEP* cells were counted per animal. Asterisk, 

P <0.05; two asterisks, P < 0.01; three asterisks, P< 0.001. 
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combinations. The effective concentration of Ngn3, Pdx1 and Mafa 
viruses in a cocktail, therefore, increases when fewer factors are 
included. New insulin* cells were detected 3 days after injection, 
but the expression level was low. The intensity of insulin staining 
increased gradually so that, by day 10, the level was comparable to 
that of endogenous f-cells (Supplementary Fig. 2). These new insu- 
lin™ cells were still present after 3 months, the longest time point that 
we analysed, and remained as scattered individual cells or small clus- 
ters and did not form islets (Fig. 1c). The reprogramming effect of the 
three factors appeared to be rather specific for pancreatic exocrine 
cells: infection of skeletal muscle in vivo or fibroblasts in vitro with M3 
did not induce insulin expression, despite extensive co-expression of 
the three factors in the target cells (Supplementary Fig. 1). 


New insulin* cells come from exocrine cells 


Lineage analysis was performed to determine the origin of the new 
insulin® cells. The five major cell types in the adult pancreas can be 
detected with lineage-specific molecular markers: exocrine (amylase), 
duct (Ck19), endocrine (insulin, glucagon, somatostatin 
and pancreatic polypeptide), vascular (PECAM) and mesenchymal 
(nestin and vimentin) cells. On injection with a control nGFP virus, 
most infected cells (>95%) were found to be mature amylase* 
exocrine cells (Fig. 2a, b), consistent with previous reports*®. Non- 
exocrine cells together accounted for approximately 5% of the 
infected population. Because more than 20% of M3-infected cells 
become insulin 10 days after viral delivery, it suggests that non- 
exocrine cells can contribute, at most, to a minor fraction of these 
new insulin” cells. As there is little cell death and no enhanced pro- 
liferation during this reprogramming (Supplementary Fig. 3), most 
insulin® cells would thus appear to originate from mature exocrine 
cells. To confirm the exocrine origin of the new insulin™ cells, we 
genetically labelled mature exocrine cells with a mouse line 
(CpalCreER"”) that expresses an inducible form of Cre recombinase 
(CreER™) specifically in adult exocrine cells” (Fig. 2c). When crossed 
with the R26R reporter line, tamoxifen induction in double hetero- 
zygous CpalCreER"’;R26R adults indelibly labelled 5-10% of mature 
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Figure 2 | Induced new -cells originate from differentiated exocrine cells. 
a, Ten days after nGFP viral infection, most infected cells are amylase~ 
(Amy~) mature exocrine cells, not duct cells (Ck19* ). b, Quantification of 
nGFP-infected cell types. Data are presented as mean + s.d., n = 3 animals. 
~1,000 nGEP* cells were counted. ¢, Double heterozygous 

Cpal CreER'?;R26R adult mice are injected with tamoxifen (TM), which 
labels the mature exocrine cells with B-galactosidase (gal). Reprogramming 
is subsequently induced by infection with pAd-M3. d-f, Ten days after 
infection, many Bgal “insulin” cells (arrows) are present. e and f are insulin 
(red)/GFP (green) and gal (blue) channels of d, respectively. 
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exocrine cells with B-galactosidase (Fig. 2d, f); no label was found in 
other cell types. After pAd-M3 injection, many B-galactosidase* cells 
become insulin* (Fig. 2d-f, pink cells), providing direct evidence that 
mature exocrine cells give rise to new insulin” cells. 


Induced f-cells closely resemble islet [B-cells 


We next examined the new insulin® cells to determine the extent to 
which they have been reprogrammed. Morphologically, exocrine 
cells are large with a cobble stone appearance (Fig. 3a, b) whereas 
islet B-cells are much smaller and spindle shaped (Fig. 3a). When 
dissociated into single cells, the diameter of amylase* exocrine cells 
range from 25 jim to 17 jtm whereas insulin® B-cells range from 9 pm 
to 15 um. The induced cells are indistinguishable from islet B-cells in 
size and shape (Fig. 3b, c). 

At the ultrastructural level, the reprogrammed cells have all the 
hallmarks of islet B-cells (Fig. 3d, e). They possess the small dense 
secretory granules characteristic of insulin granules, and lack the 
large zymogen granules and dense assemblies of endoplasmic reticu- 
lum that are characteristic of exocrine cells (Fig. 3d, e). Immuno- 
electron microscopy further showed that the induced f-cells express 
both GFP in the nucleus and abundant insulin in the granules 
(Supplementary Fig. 4). Interestingly, the induced B-cells often 
appeared on the electron micrograph as intercalated within exocrine 
acinar rosettes (Fig. 3e). In wild-type pancreatic samples, rare single 
or small clusters of B-cells reside outside islets, but they often associ- 
ate with duct but not exocrine cells. The unique position of induced 
cells probably reflects their exocrine origin. 

Molecular marker analysis reveals that most of the insulin® cells 
co-express genes essential for B-cell endocrine function including 
glucose transporter 2 (Glut2, also known as Slc2a2, expressed in 
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Figure 3 | Endogenous and induced B-cells are indistinguishable in 
morphology and ultrastructure. a, b, Islet B-cells (a, arrowheads) and 
induced -cells (b, arrowheads) are similar in size and shape but distinctly 
different from exocrine cells (a, b, arrows). E-cadherin staining was used to 
visualize cell boundaries. c, Size comparison of exocrine cells, islet B-cells 
and induced f-cells. Data are presented as mean + s.d.,n = 3 animals. >100 
cells per animal were used. Three asterisks, P< 0.001. d, Electron 
micrograph of a B-cell (outlined) in an islet. e, Example of an induced [B-cell 
situated between two exocrine cells. Endogenous and induced f-cells 
contain small insulin granules (In) and lack zymogen granules (Zy) of 
exocrine cells and extensive endoplasmic reticulum (ER). Nuc, nucleus. 
Scale bars, 2 um. 


ARTICLES 


92.8% of the new insulin™ cells), glucokinase (GCK, 96.7%), pro- 
hormone convertase (PC1/3, also known as Pcsk1, 86.7%; Fig. 4a—c 
and Supplementary Fig. 5), and the key -cell transcription factors 
NeuroD (88.9%), Nkx2.2 (85.3%) and Nkx6.1 (85.9%; Fig. 4d—f and 
Supplementary Fig. 5). The induced insulin” cells express C-peptide 
(part of proinsulin; Fig. 4h). Expression profile analysis of the repro- 
grammed cells further indicates a strong overlap of endocrine- 
enriched genes between reprogrammed cells and islet cells, suggesting 
a high degree of similarity between their endocrine programs 
(Supplementary Fig. 6). 

The new B-cells do not express exocrine genes such as amylase or 
Ptfla, the duct marker Ck19 (also known as Krt19), mesenchy- 
mal markers nestin and vimentin, nor the neuronal marker Tuji 
(B-tubulin III, also known as Tubb3) (Fig. 4g, Supplementary Fig. 5 
and data not shown). Nor do the new f-cells express any other 
pancreatic hormones such as glucagon, somatostatin or pancreatic 
polypeptide (Fig. 4h, i and Supplementary Fig. 5). Thus, the new 
B-cells do not exhibit a hybrid or mixed phenotype, indicating silenc- 
ing of non-f-cell programs. 

The primary function of B-cells is to synthesize and release insulin. 
To facilitate the release of insulin into the circulation, B-cells, unique 
among pancreatic cell types, synthesize vascular endothelial growth 
factor (VEGF), which promotes local angiogenic remodelling”. 
Notably, induced B-cells similarly synthesize VEGF and induce 
angiogenesis so that blood vessels form next to these new cells 
(Fig. 5a, b). Quantification indicates that, in nGFP controls, 32% 
of infected cells lie adjacent to blood vessels whereas 61% and 83% 
of induced f-cells are directly juxtaposed to blood vessels 10 days and 
30 days after induction, respectively. 
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Figure 4 | Molecular marker characterization of induced B-cells. a—f, One 
month after infection with pAd-M3, most insulin’ induced B-cells co- 
express endocrine genes: glucose transporter 2 (Glut2, a), glucokinase (GCK, 
b), prohormone convertase 1/3 (PC1/3, ¢) and {-cell transcription factors 
NeuroD (d), Nkx2.2 (e) and Nkx6.1 (f). Arrowheads indicate examples of 
cells that express marker genes but not insulin. g-i, Induced -cells do not 
express amylase (g), glucagon (h) or somatostatin/pancreatic polypeptide 
(i, SomPP). cPPt, c-peptide. 
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To test whether induced f-cells release insulin, mice were rendered 
diabetic by streptozotocin (STZ) injection, which specifically ablates 
islet B-cells. When subsequently injected with pAd-M3, fasting blood 
glucose levels of hyperglycaemic animals showed a significant and 
long-lasting improvement compared to animals injected with con- 
trol (nGFP) virus (Fig. 5d). In addition, the pAd-M3 animals showed 
increased glucose tolerance (Supplementary Fig. 7), had increased 
insulin levels in the serum (non-fasting, P<0.01, Fig. 5e) and 
possessed large numbers of induced f-cells (Fig. 5f). Polymerase 
chain reaction with reverse transcription (RT-PCR) analysis and 
direct observation revealed that virus injected into the pancreas does 
not spread to other internal organs such as liver and intestine that, 
theoretically, could modulate insulin secretion and/or response 
(Supplementary Fig. 8). In addition, we found no evidence that 
STZ-treated animals show spontaneous conversion of exocrine cells 
to B-cells (Supplementary Fig. 8). As the data in Fig. 5 show, the total 
number of induced f-cells is rather small compared to the number of 
B-cells in normal animals and this may account for the limitation to 
the effectiveness in restoring glucose homeostasis. Alternatively, 
because the new -cells are not reorganized into islet structures, this 
may limit their effectiveness. Together, these data show that induced 
B-cells can produce and secrete insulin in vivo. 


Inducing factors are required only transiently 


Our results thus far support the contention that a combination of 
three transcription factors fully reprograms exocrine cells to B-cells in 
vivo. To determine whether continued presence of these factors is 
required to maintain the phenotype of reprogrammed cells, we used 
RT-PCR and primers specific to viral transgenes to detect their pre- 
sence. Transgene expression from all three viruses was substantially 
diminished after 1 month and was undetectable after 2 months 
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(Supplementary Fig. 9). Ngn3 protein was undetectable by antibody 
staining 1 month after infection (Supplementary Fig. 9). Pdx1 and 
Mafa protein expression in the induced B-cells, however, remains 
consistently strong even after 2 months, indicating the activation of 
endogenous genes (Supplementary Fig. 9). These results are consist- 
ent with the fact that endogenous islet B-cells do not express Ngn3, 
but do express Pdx1 and Mafa”'”’. Thus, a transient expression of the 
inducing factors is sufficient to convert exocrine cells to a stable new 
B-cell state. 


B-cell reprogramming does not involve dedifferentiation 

In principle, the conversion of exocrine cells to B-cells could be direct or 
involve dedifferentiation to common progenitors that then rediffe- 
rentiate into f-cells. Indeed, exocrine and f-cells share a common 
progenitor during embryogenesis that is characterized by rapid divi- 
sion and expression of genes including Sox9 and Hnf6 (also known as 
Onecut1; ref. 20). Continuous 5-bromodeoxyuridine (BrdU) labelling 
over the first 10 days of reprogramming, however, shows that few 
induced B-cells (3.2%) have divided (Supplementary Fig. 3). In com- 
parison, 12.9% of endogenous islet B-cells in the same animals incor- 
porated BrdU (Supplementary Fig. 3). In addition, we detected no 
induction of Sox9 or Hnf6 (data not shown). These results suggest that 
in vivo reprogramming of exocrine to [B-cells is a direct conversion of 
cell types and does not involve dedifferentiation. We can not formally 
exclude the possibility that a very transient or partial dedifferentiation 
may occur, but our results indicate that extensive replication and rever- 
sion to a dedifferentiated cell for an appreciable time does not occur. 


Discussion 


Our results provide evidence that fully differentiated exocrine cells 
can be directly reprogrammed into cells that closely resemble B-cells 
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Figure 5 | Induced new P-cells remodel vasculature and ameliorate 
hyperglycaemia. a—c, New [3-cells synthesize VEGF (a) and induce local 
angiogenic remodelling (b). Note the proximity of blood vessels (PECAM “ ) 
to the induced 3-cells (b) versus control infected cells (c). d, Improvement of 
fasting blood glucose level in diabetic mice after injection with pAd-M3 
(diamond) compared to controls with nGFP virus (square). Triangle, 
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non-diabetic controls. STZ, streptozotocin. Arrows indicate timing of 
injection. n = 6-8 animals. e, Non-fasting serum insulin levels 6 weeks after 
injection. n = 6-8 animals. f, Average insulin® B-cell number per section 
8 weeks after injection. n = 3 animals. Both islet and induced -cells were 
counted for the pAd-M3 samples. One asterisk, P < 0.05; two asterisks, 
P<0.01; three asterisks, P< 0.001. Data are presented as mean + s.d. 
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in adult animals by a combination of just three transcription factors. 
The three reprogramming factors, Ngn3, Pdx1 and Mafa, are known 
to be important in the embryonic development of pancreas and 
B-cells*’*”. In contrast, many additional factors are also required 
for B-cell development”’”*. Further studies will be necessary to 
understand why this particular combination is sufficient for adult 
B-cell reprogramming. 

The induced f-cells do not organize into islet structures and 
remain as single cells or small clusters. Signalling between B-cells 
inhibits basal insulin secretion and enhances glucose-stimulated 
insulin secretion”. The lack of organization of induced B-cells 
undoubtedly impairs their function. Strategies that promote aggrega- 
tion of the induced f-cells in adult should help to restore full glucose 
responsiveness. 

There have been previous attempts to convert adult liver cells to 
B-cells in vivo by expressing pancreatic transcription factors”? 
These factors were able to induce expression of some pancreatic 
genes, but not phenotypic or morphological conversion into func- 
tional B-cells*”*°*. Mature exocrine cells can turn on endocrine 
programs when dissociated and cultured in vitro***>°?™, 
Interestingly, dissociation itself is apparently sufficient to initiate 
endocrine programs whereas the addition of growth factors is neces- 
sary for cell survival***>****. However, the molecular mechanisms of 
this process remain largely unknown. Other studies have shown that 
pancreatic duct cells and liver cells could be induced to express cer- 
tain B-cell gene products in culture’. Most of these studies, how- 
ever, did not address whether these cells possess a hybrid phenotype. 
In addition, RT-PCR on populations of cells, instead of single-cell 
resolution immunohistochemistry, was routinely used to evaluate 
the expression of B-cells markers. It is unclear how many cells actually 
expressed these markers or at what level. Finally, B-cells exhibit highly 
unstable phenotypes when cultured and appear to transform into 
fibroblast-like cells***’. In vitro generation of B-cells will probably 
require suitable culture conditions that have yet to be discovered. 

It is surprising that the reprogramming of exocrine cells to B-cells 
does not involve multiple rounds of cell proliferation. It is generally 
thought that epigenetic changes that underlie reprogramming events 
are most easily made during cell division’. It may be the case that 
many reprogramming events do indeed involve obligatory prolifera- 
tion steps*. In contrast, reprogramming of B lymphocytes to macro- 
phages seems to be cell-cycle-independent’®. Early SCNT 
experiments also provided evidence for reprogramming without 
DNA replication®’. 

Reprogramming of exocrine cells to B-cells occurs at a relatively 
fast speed, with the first insulin® cells appearing at day 3, and with 
efficiency of up to 20%. This is in contrast with recent reports of 
reprogramming fibroblasts to embryonic stem cells*""’, where it takes 
a considerably longer time (7-30 days) and the efficiency is much 
reduced (typically less than 0.1%). This may be due to the fact that 
pancreatic exocrine and -cells are closely related cell types and share 
much of their epigenomes whereas the epigenomes of fibroblasts and 
embryonic stem cells are largely dissimilar. Conversion between exo- 
crine and f-cells may therefore require fewer epigenetic changes. 

Recent advances in mammalian cellular reprogramming with 
defined genes collectively point to the possibility that a limited num- 
ber of factors could reprogram any given adult cell to a different type 
of cell such as a stem cell, a committed progenitor or another mature 
cell type. All these studies relied on knowledge of the normal develop- 
ment of these cell types, which enabled the manipulation of key 
developmental regulators in adult cells. This approach may prove 
to be a general strategy for directing adult cell reprogramming. The 
recent reprogramming of human skin cells to iPS cells raises the 
possibility of generating patient-specific human embryonic stem 
lines for therapies”'®'’. This would be the first step in a process that 
will then require directed differentiation of the iPS cells to produce 
therapeutically important cell types such as neurons, cardiomyocytes 
or pancreatic B-cells. In principle, patient-specific cell therapies 
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could be achieved more directly by reprogramming abundant and 
easily accessible patient-specific human cells such as fibroblasts, 
blood cells or adipocytes. 


METHODS SUMMARY 


Adenovirus construction and purification. Genes of interest were first cloned 
into a shuttle vector containing an internal ribosome entry site linked to nuclear 
GFP (IRES-nGFP), and then into the pAd/CMV/V5-DEST adenoviral vector 
(Invitrogen). High titre virus (>1 X 10'° plaque-forming units (p.f.u.) per ml) 
was obtained by purification with the AdEasy Kit (Stratagene). 

Animals, surgery and physiological studies. Rag] ‘~ and Rag!’ ;NOD ani- 
mals were obtained from Jackson Laboratories. Adult animals (>2 months old) 
were injected with 100 ul (>1 X 10? p.f.u.) of purified adenovirus directly into 
the splenic lobe of the dorsal pancreas. Blood glucose was measured with 
Ascensia Elite blood glucose meter. Insulin levels were determined with an 
Ultrasensitive insulin ELISA kit (Alpco). 

Immunohistochemistry, BrdU labelling and TUNEL analysis. This was per- 
formed as previously described". BrdU (1 mg ml” ') was provided in drinking 
water for BrdU labelling after surgery. Apoptotic cells were recognized by 
TUNEL (terminal dUTP nick-end labelling) with a TMR red cell death kit 
(Roche). 

Electron microscopy. Dissected pancreas was fixed in 4% paraformaldehyde and 
0.1% glutaraldehyde for 2 h at room temperature (24 °C). For conventional trans- 
mission electron microscopy, samples were further fixed by osmium tetroxide, 
embedded in Epon resin and sectioned at 60-80 nm. For immunogold labelling, 
ultrathin sections were cut at —120°C and stained with gold-conjugated anti- 
bodies. Images were obtained with a Tecnai G? Spirit BioTWIN transmission 
electron microscope. 

FACS analysis and gene profiling. Pancreas was digested with liberase and 
elastase (Roche) to single cells. GFP* cells were isolated by FACS with 
FACSaria (BD Bioscience). Biotin-labelled complementary RNA probes were 
synthesized with the Illumina TotalPrep RNA Amplification kit (Ambion). 
Gene profiling was performed with Sentrix BeadChip Array MouseRef-8 v1.1 
(Illumina). Data were analysed with the BeadStudio software. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Viral injection and tissue collection. For adult pancreas, ~ 100 il purified virus 
was injected directly into 2-3 foci of the dorsal splenic lobe with a 3/10 cc Insulin 
Syringe (Becton Dickinson). For skeletal muscle, ~20 ll virus was injected into 
the upper thigh. At the time of tissue collection, the infected portion of the tissue 
was visualized by GFP fluorescence and dissected out. For adult pancreas, typically 
~50% of the dorsal pancreas was taken. 

Immunohistochemistry. Adult mouse pancreata were fixed by immersion in 
4% paraformaldehyde for 2h at 4°C. Samples were subsequently incubated in 
30% sucrose solution overnight (6-12h) and embedded with optimal cutting 
temperature compound (Tissue-Tek). 

The following primary antibodies were used: rat anti-E-cadherin (Zymed), rat 
anti-Pecam1 (Pharmingen), goat anti-Ngn3 (Santa Cruz), guinea-pig anti-insu- 
lin (Dako), guinea-pig anti-glucagon (Linco), guinea-pig anti-Pancreatic poly- 
peptide (Linco), rabbit anti-somatostatin (Dako), rabbit anti-pancreatic 
polypeptide (Dako), goat anti-somatostatin (Santa Cruz), goat anti-Pdxl 
(Santa Cruz), guinea-pig anti-Pdx1 (gift from C. Wright), goat anti-B-galactosi- 
dase (Biogenesis), goat anti-amylase (Santa Cruz), mouse anti-BrdU 
(Amersham), rabbit anti-mafA (Bethyl), chick anti-nestin (Ames), chick anti- 
vimentin (Chemicon), goat anti-Glut2 (Santa Cruz), goat anti-VEGF (R&D), 
rabbit anti-PC1/3 (Chemicon), goat anti-glucokinase (Santa Cruz), rabbit anti- 
Ck19 (Melton laboratory stock), rabbit anti-chromogranin A/B (RDJ), rabbit 
anti-Ptfla (gift from H. Edlund), goat anti-NeuroD (Santa Cruz), rabbit anti- 
Nkx6.1 (BCBC), rabbit anti-Sox9 (Santa Cruz), goat anti-Nkx2.2 (Santa Cruz) 
and rabbit anti-c-peptide (Linco). 

Rodamin-Red-X-, FITC-, Cy5- and Alexa-dye-conjugated donkey secondary 
antibodies were obtained from the Jackson Immunoresearch Laboratories and 
Molecular Probes Inc. Tyramide amplification system (PerkinElmer) was used 
for PC1/3 and glucokinase staining. Immunofluorescence pictures were taken 
with a Zeiss LSM 510 META confocal microscope. 

CpalCreER™ labelling of mature exocrine cells. CpalCreER™;R26R double 
heterozygous animals were generated by mating homozygous CpalCreER™ 
males with R26R homozygous females (Jackson laboratory). Two-month-old 
Cpa1CreER™;R26R adults were injected with tamoxifen at 6 mg per animal every 
third day four times to label mature exocrine cells. 

Physiological studies. Diabetic animals were produced with intraperineal injec- 
tion of streptozotocin (120 1g per g body weight) after overnight fasting with 
2-month-old adult animals of the Ragl strain (Jackson laboratory). 
Hyperglycaemic animals that displayed >250mgdl' fasting blood glucose 
levels for at least two consecutive days were used for experiments. 

Fasting blood glucose was measured on tail-vein blood with an Ascensia Elite 
glucometer (Bayer) after 6-8 h fasting. The non-fasting insulin level was deter- 
mined from tail-vein blood collected around 9 to 10am with an Ultrasensitive 
Insulin ELISA kit (Alpco). 

The average B-cell number per section was determined by sectioning 
through the entire pancreas at 151m and collecting every third section. 
Twenty randomly selected sections were immunostained for insulin and 4,6- 
diamidino-2-phenylindole (DAPI) to visualize individual B-cells. The total 
number of B-cells was counted and averaged from three animals. 

The glucose tolerance test was performed by fasting animals overnight (12h), 
followed by intraperineal injection of glucose (3 g per kg body weight). 
Electron microscopy. Small pieces of pancreatic samples (1-2 mm) were fixed 
with 4% paraformaldehyde and 0.1% glutaraldehyde for 2 h at room temperature. 

For conventional electron microscopy, samples were further refixed with a 
mixture of 1% osmiumtetroxide (OsO,) plus 1.5% potassium ferrocyanide 
(KFeCN,) for 2h, were washed in water and stained in 1% aqueous uranyl 
acetate for 1h followed by dehydration in grades of alcohol (50%, 70%, 95%, 
2X 100%) and _ propyleneoxide (1h), and then infiltrated in 
propyleneoxide:Epon 1:1 overnight and embedded in TAAB Epon (Marivac 
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Canada Inc.). Ultrathin sections (about 60-80nm) were cut on a Reichert 
Ultracut-S microtome, picked up on to copper grids, stained with 0.2% lead 
citrate and examined in a Tecnai G’ Spirit BioT WIN transmission electron 
microscope. Images were taken with an AMT CCD camera. 

For immunoelectron microscopy, fixed samples were infiltrated with 2.3M 
sucrose in PBS for 30 min then frozen in liquid nitrogen. Frozen samples were 
sectioned at — 120 °C, the sections transferred to formvar—carbon-coated copper 
grids and floated on PBS until the immunogold labelling was carried out. 

The gold labelling was carried out at room temperature on a piece of parafilm. 
All antibodies and protein-A gold were diluted in 1% BSA. The diluted antibody 
solution was centrifuged for 1 min at >10,000g before labelling to avoid possible 
aggregates. Grids were floated on drops of 1% BSA for 10 min to block unspecific 
labelling, transferred to 5-utl drops of primary antibody and incubated for 
30 min. The grids were then washed in four drops of PBS for a total of 15 min, 
transferred to 5-pl drops of protein-A gold (G. Posthuma) for 20min, and 
washed in four drops of PBS for 15 min and six drops of double-distilled water. 

For double labelling, after the first protein-A gold incubation, grids were 
washed in four drops of PBS for a total of 15 min and then transferred to a drop 
of 0.2% glutaraldehyde in PBS for 5 min, and washed in four drops of PBS/ 
0.15M glycine (to quench free aldehyde groups). Following this, the second 
primary antibody was applied, followed by PBS wash and different size pro- 
tein-A gold as described previosuly. The antibodies used were rabbit anti-GFP 
(Invitrogen) and guinea-pig anti-insulin (Dako). 

Contrasting/embedding of the labelled grids was carried out on ice in 0.3% 
uranyl acetete (Electron Microcopy Sciences) in 2% methyl cellulose (Sigma) for 
10 min. Grids were picked up with metal loops (diameter slightly larger than the 
grid) and the excess liquid was removed by streaking on a filter paper (Whatman, 
number 1), leaving a thin coat of methyl cellulose (bluish interference colour 
when dry). 

The grids were examined in a Tecnai G’ Spirit BioT WIN transmission electron 

microscope and images were recorded with a 2k AMT CCD camera. 
FACS analysis, islet isolation and gene profiling. For FACS sorting of GEP* 
cells, pancreata infected by the M3 inducing factors for one month were perfused 
through the common bile duct, digested with liberase and elastase (Roche), and 
further dissociated into single cells with EDTA incubation. GFP* cells were 
isolated by FACS with FACSaria (BD Bioscience). Staining of sorted cells indi- 
cates that ~70% of total sorted cells are GFP* and ~22% are insulin”. 

Islets were isolated by liberase digestion of the pancreas of Pdx1-GFP animals. 
Islets were picked manually under a fluorescent dissecting scope. Pancreatic cells 
devoid of GFP* islets were collected as the non-islet sample. 

RNA was extracted with Trizol reagent (Invitrogen). Biotin-labelled cRNA 

probes were synthesized with the Illumina TotalPrep RNA amplification kit 
(Ambion). Gene profiling was performed with Sentrix BeadChip Array 
MouseRef-8 v1.1 (Illumina) that contains probes for ~19,000 genes. Data were 
analysed with BeadStudio software. For identifying differentially enriched genes, 
the following parameters suggested by Illumina were used: P value < 0.05, Diff 
score > 30, average signal > 100. 
RT-PCR. Pancreatic tissues were harvested and immediately frozen in liquid 
nitrogen. Total RNA was extracted with the RNeasy kit (Qiagen). First-strand 
cDNA was synthesized with Superscript III kit (Invitrogen). Thirty cycles of 
semiquantitative RT-PCR were performed using the standard protocol. The 
following primer pairs were used: Ngn3 viral transgene: ~350bp, Ngn3.F: 
CAGACGCTGCGCATAGCGGACCACG, IRES2.R: GCGGCTTCGGCCAGTAA 
CGTTAG. Pdx1 viral transgene: ~1.2kb, Pdx1.F: GGAGCAAGATT 
GTGCGGTGACCTC, IRES2.R: GCGGCTTCGGCCAGTAACGTTAG. Mafa 
viral transgene: ~300bp, Mafa.F: ACATTCTGGAGAGCGAGAAGTGCC, 
IRES2.R: GCGGCTTCGGCCAGTAACGTTAG. GADPH: ~400 bp, F: ACCA 
CAGTCCATGCCATCAG, R: TCCACCACCCTGTTGCTGTA. 
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Structure of the Tribolium castaneum 
telomerase catalytic subunit TERT 


Andrew J. Gillis’, Anthony P. Schuller’ & Emmanuel Skordalakes' 


A common hallmark of human cancers is the overexpression of telomerase, a ribonucleoprotein complex that is responsible 
for maintaining the length and integrity of chromosome ends. Telomere length deregulation and telomerase activation is an 
early, and perhaps necessary, step in cancer cell evolution. Here we present the high-resolution structure of the Tribolium 
castaneum catalytic subunit of telomerase, TERT. The protein consists of three highly conserved domains, organized into a 
ring-like structure that shares common features with retroviral reverse transcriptases, viral RNA polymerases and B-family 
DNA polymerases. Domain organization places motifs implicated in substrate binding and catalysis in the interior of the ring, 
which can accommodate seven to eight bases of double-stranded nucleic acid. Modelling of an RNA-DNA heteroduplex in 
the interior of this ring demonstrates a perfect fit between the protein and the nucleic acid substrate, and positions the 3’-end 
of the DNA primer at the active site of the enzyme, providing evidence for the formation of an active telomerase elongation 


complex. 


Telomerase is active in the early stages of life to maintain telomere 
length and therefore the chromosomal integrity of frequently divid- 
ing cells, and it becomes dormant in most somatic cells during adult- 
hood'*. The ability of telomeres to provide genomic stability is 
diminished over time owing to both the natural loss of telomeric 
structure with every cell division, and the loss of telomerase activ- 
ity—a process which leads to ageing**. In cancer cells, however, 
telomerase becomes reactivated and works tirelessly to maintain 
the short length of telomeres of rapidly dividing cells, leading to their 
immortality”®. The essential role of telomerase in cancer and ageing 
makes it an important target for the development of therapies to treat 
cancer and other age-associated disorders. 

Telomerase functions as both a monomer and a dimer’ '°, and 
consists of a protein subunit (TERT) and an integral RNA component 
(TER) which contains the template that TERT uses to add several 
DNA repeats to the 3’-end of linear chromosomes''*. TERT, the 
catalytic subunit of telomerase, is highly conserved among phylogen- 
etic groups and shares common motifs with conventional reverse 
transcriptases, suggesting an overall conservation of the basic catalytic 
mechanism between these two classes of enzymes'*"*. Although TER 
varies considerably in size, sequence and structure between species, 
core structural elements are conserved, suggesting that there is a com- 
mon mechanism of telomere replication among organisms'”"®. 

A functional telomerase holoenzyme requires the stable asso- 
ciation of the ribonucleoprotein complex, a process mostly carried 
out by the RNA-binding domain (TRBD)'”'*. Weak interactions 
have been reported between TER and both the far amino-terminal 
domain (a low conservation region of TERT) and the polymerase 
domain (reverse transcriptase)'*’’. Current evidence suggests that 
TRBD binds to the template boundary element of TER, usually a 
stem loop or a pseudoknot flanked by regions of single-stranded 
RNA”’*’. The TRBD-TER association also promotes repeat addition 
processivity, which is a unique feature of telomerase’? ?*”’. 
Telomerase repeat addition processivity is also attributed to the 
IFD (insertion in fingers domain) motif of reverse transcriptase 
and the carboxy-terminal extension (CTE) proposed to constitute 
the putative ‘thumb’ domain of telomerase’. 
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Initiation of telomere synthesis requires the loading of telomerase 
onto the end of the chromosomes and the pairing of the 3’-end of the 
linear DNA substrate with the templating region (usually one and a 
half repeats of the telomeric repeat)**~*”. Pairing of the DNA with the 
RNA template places the 3’-end of the DNA substrate at the active site 
of the enzyme for nucleotide addition, whereas the RNA template 
provides the platform for the successive rounds of nucleotide addition 
and selectivity. RNA—DNA pairing alone is not sufficient for a stable 
and active telomerase elongation complex and requires extensive con- 
tacts of the DNA substrate with both the reverse transcriptase and the 
putative thumb domain of TERT””’. In some organisms, contacts 
between the far N-terminal domain and a DNA site upstream of the 
RNA-DNA hybridization region allow the enzyme to remain attached 
to the end of the chromosomes during translocation*””’. 

Here we present, to our knowledge, the first high-resolution struc- 
ture of the catalytic subunit of telomerase. This structure, together 
with previous biochemical data, provides insights into TERT-TER- 
DNA assembly and elongation complex formation. 


Architecture of the TERT structure 

We have solved the structure of the full-length catalytic subunit of the 
T. castaneum active telomerase***°, TERT, to 2.71 A resolution. There 
is a dimer in the asymmetric unit; however, the protein alone is 
clearly monomeric in solution as indicated by gel filtration and 
dynamic light scattering (results not shown) suggesting that the 
dimer we observe in the crystal is the result of crystal packing. This 
notion is further supported by the fact that a different crystal form 
(Supplementary Table 1) of the same protein also contains a dimer in 
the asymmetric unit of a different configuration than the one pre- 
sented here. It is worth noting that the TERT from this organism does 
not contain an N-terminal domain, a low conservation region of 
telomerase (Fig. la, b). 

The TERT structure is composed of three distinct domains: an 
RNA-binding domain (TRBD), the reverse transcriptase domain 
and the CTE thought to represent the putative thumb domain of 
TERT (Fig. la, c). The TRBD is mostly helical and contains an 
indentation on its surface formed by two conserved motifs (CP 
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Figure 1| The structure of TERT. a, The primary structure and conserved 
motifs of the T. castaneum TERT are shown. b, The primary structure of 
human, yeast and T. thermophila is shown for comparison. ¢, TERT domain 


and T) known to bind the double- and single-stranded RNA regions 
of the template boundary element, respectively (Fig. 2a). Structural 
comparison of the TRBD from T. castaneum with that of the prev- 
iously determined structure from Tetrahymena thermophila shows 
similarity between the two structures (root mean squared deviation 
(r.m.s.d.) 2.7 A), suggesting that a high degree of structural conser- 
vation occurs between these domains across organisms of diverse 
phylogenetic groups. 

The reverse transcriptase domain is a mixture of o-helices and 
B-strands organized into two subdomains that are most similar to 
the ‘fingers’ and ‘palm’ subdomains of retroviral reverse transcrip- 
tases**, viral RNA polymerases” and B-family DNA polymerases” 


CP motif 
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Thumb 
319 helix (0:19) 


Thumb loop 


Figure 2| The TERT domain fold and main signature motifs. a, The almost- 
all helical TRBD binds RNA using two conserved motifs: T (shown in cyan) 
and CP (shown in yellow). b, The reverse transcriptase domain consists of 
the palm and fingers subdomains. The fingers subdomain contains motifs 1 
(red) and 2 (grey) and is implicated in nucleotide and RNA binding. The 
palm subdomain contains motifs A (green), B’ (dark purple), C (blue), D 
(navy blue), E (magenta) and IFD (light blue) and is involved in nucleotide 
and nucleic acid binding and DNA synthesis. ¢, The helical thumb domain of 
TERT contains a loop (thumb loop; light green) which is involved in domain 
organization and DNA binding. 
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Fingers 


organization (cartoon and surface representation); the RNA-binding 
domain (TRBD) is shown in violet, the fingers domain is in orange, the palm 
domain is in tan and the thumb domain is in red. 


(Supplementary Fig. la—d), and contains important signature motifs 
that are hallmarks of these families of proteins’* (Fig. 2b). Structural 
comparisons of TERT with the HIV reverse transcriptases show that 
the fingers subdomain of TERT is arranged in the open configuration 
with respect to the palm subdomain, which is in good agreement with 
the conformation adopted by HIV reverse transcriptases in the 
absence of bound nucleotide and nucleic acid substrates*®. One 
notable difference between the putative palm domain of TERT and 
the HIV reverse transcriptases is a long insertion between motifs A 
and B’ of TERT; this is referred to as the IFD motif and is required for 
telomerase processivity”’. In the TERT structure, the IFD insertion 
consists of two antiparallel «-helices («13 and «14) located on the 
outside periphery of the ring and at the interface of the fingers and the 
palm subdomains (Fig. 2b). These two helices are almost in a parallel 
position with the central axis of the plane of the ring, make extensive 
contacts with helices «10 and «15, and have an important role in the 
structural organization of this part of the reverse transcriptase 
domain. A similar structural arrangement is also present in viral 
polymerases, and the equivalent of helix «10 in these structures is 
involved in direct contacts with the nucleic acid substrate*° 
(Supplementary Fig. 1c). 

In contrast to the reverse transcriptase domain, the CTE is an elon- 
gated helical bundle that contains several surface-exposed long loops 
(Fig. 2c). A search in the protein structure database using the secondary- 
structure matching software (http://www.ebi.ac.uk/msd-srv/ssm)*! 
produced no structural homologues, suggesting that the CTE domain 
of telomerase adopts a new fold. Structural comparison of TERT with 
the HIV reverse transcriptase, with the viral RNA polymerases and with 
the B-family DNA polymerases places the thumb domain of these 
enzymes and the CTE domain of TERT in the same spatial position 
with respect to the fingers and palm subdomains. This suggests that the 
CTE domain of telomerase is the thumb domain of the enzyme, a 
finding that is in good agreement with previous biochemical studies” 
(Supplementary Fig. 2). 

TERT domain organization brings the TRBD and thumb 
domain—which constitute the terminal domains of the mole- 
cule—together, an arrangement that leads to the formation of a 
ring-like structure that is reminiscent of the shape of a doughnut 
(Fig. la, b). Several lines of evidence suggest that the domain organ- 
ization of the TERT structure presented here is biologically relevant. 
First, the domains of four TERT monomers observed in two different 
crystal forms (two in each asymmetric unit) all have the same organ- 
ization (average r.m.s.d. = 0.76 A between all four monomers). 
Second, contacts between the N- and the C-terminal domains of 
TERT are extensive (1,677 A”) and largely hydrophobic in nature, 
an observation that is consistent with previous biochemical studies* 
(Supplementary Fig. 3). Third, TERT domain organization is similar 
to that of the polymerase domain (p66 minus the RNase H domain) 
of its closest homologue, HIV reverse transcriptase”®. It is also similar 
to the domain organization of the viral RNA polymerases” and that 
of the B-family DNA polymerases, particularly RB69 (ref. 38; 
Supplementary Fig. la—d). The arrangement of the TERT domains 
creates a hole in the interior of the particle that is ~26 A wide and 


©2008 Macmillan Publishers Limited. All rights reserved 


NATURE|Vol 455|2 October 2008 


~21 A deep, sufficient to accommodate double-stranded nucleic acid 
approximately seven to eight bases long and in good agreement with 
existing biochemical data**. 


The TERT ring binds double-stranded nucleic acid 

To understand better how the TERT ring associates with RNA-DNA 
to form a functional elongation complex, we modelled double- 
stranded nucleic acid into its interior using the complex of HIV 
reverse transcriptase with DNA”, the closest structural homologue 
of TERT (Fig. 3a). The TERT-RNA—DNA model immediately shows 
some notable features that support our model of TERT—nucleic-acid 
associations. The hole of the TERT ring, and where the nucleic acid 
heteroduplex is projected to bind, is lined with several key signature 
motifs that are hallmarks of this family of polymerases and have been 
implicated in nucleic acid association, nucleotide binding and DNA 
synthesis (Fig. 3a). Moreover, the organization of these motifs results 
in the formation ofa spiral in the interior of the ring that resembles 
the geometry of the backbone of double-stranded nucleic acid 
(Fig. 3b). Several of the motifs, identified as contact points with 
the DNA substrate, are formed partly by positively charged residues, 
the side chains of which extend towards the centre of the ring and are 
poised for direct contact with the backbone of the DNA substrate. For 
example, the side chain of the highly conserved K210 
(Supplementary Fig. 4) that forms part of helix «10, is within coor- 
dinating distance of the backbone of the modelled DNA, thus pro- 
viding the stability required for a functional telomerase enzyme. 
Helix «10 lies in the upper segment of the reverse transcriptase 
domain and faces the interior of the ring. The location and stabiliza- 
tion of this helix is heavily influenced by its extensive contacts with 
the IFD motif implicated in telomerase processivity”. Disruption of 
the IFD contacts with helix «10—by deletion or mutation of this 
motif—would lead to displacement of helix «10 from its current 
location, which would in turn effect DNA-binding and telomerase 
function. 

Structural elements of the thumb domain that localize to the interior 
of the ring also make several contacts with the modelled DNA substrate 
(Fig. 3a). In particular, the loop (thumb loop) that connects the palm 
to the thumb domain and constitutes an extension of motif E, also 
known as the ‘primer grip’ region of telomerase, preserves the geo- 
metry of the backbone of double-stranded nucleic acid to a notable 
degree (Fig. 3b). The side chains of several lysines and asparagines that 
form part of this loop extend towards the centre of the TERT molecule 
and are in coordinating distance of the backbone of modelled double- 
stranded nucleic acid. Of particular interest is K406, located in pro- 
ximity of motif E. The side chain of this lysine extends towards the 


b Thumb 
310 helix (019) 
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RNA-DNA 
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Figure 3 | Model of the TERT-RNA-DNA complex. a, Surface 
representation of TERT with the modelled RNA (dark green) and DNA (dark 
purple) shown in cartoon. The main signature motifs are coloured as in 
Fig. 2. The RNA-binding pocket of TERT is located in the deep cavity on the 
side of the ring. b, Contacts between the TERT ring and a modelled 
RNA-DNA heteroduplex are shown. The path of the incoming DNA primer 
within the TERT ring is lined up with several conserved positively charged 
residues poised for direct contacts with its backbone. The thumb loop and 
the thumb 37° helix are shown in light green; the IFD motif is shown in light 
blue. 
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nucleic acid heteroduplex and it is poised for direct contacts with the 
backbone of the nucleotides located at the 3’-end of the incoming DNA 
primer. It is therefore possible that the side chain of this lysine, together 
with motif E, help facilitate placement of the 3’-end of the incoming 
DNA substrate at the active site of the enzyme during telomere elonga- 
tion. Sequence alignments of the thumb domain of TERTs from a wide 
spectrum of phylogenetic groups show that the residues predicted to 
contact the DNA substrate are always polar (Supplementary Fig. 4). 
Another interesting feature of the thumb domain, which supports 
double-stranded nucleic acid binding, is helix «19 (Fig. 2c). This is a 
3'° helix (thumb 3'° helix) that extends into the interior of the ring and 
seems to dock itself into the minor groove of the modelled double- 
stranded nucleic acid, thus facilitating RNA—DNA hybrid binding and 
stabilization (Fig. 3b). Deletion or mutation of the corresponding 
residues in both yeast and human TERT results in severe loss of 
TERT processivity, clearly indicating the important role of this motif 
in TERT function®°*, 


The active site of TERT and nucleotide binding 


The TERT structure presented here was crystallized in the absence of 
nucleotide substrates and magnesium; however, the location and 
organization of TERT’s active site and nucleotide-binding pocket 
can be predicted on the basis of existing biochemical data'* and 
structural comparison with the polymerase domain of its closest 
homologue, the HIV reverse transcriptase**. The TERT active site 
consists of three invariant aspartic acids (D251, D343 and D344) that 
form part of motifs A and C, which are two short loops located on the 
palm subdomain and adjacent to the fingers of TERT (Fig. 4a). 
Structural comparisons of TERT with HIV reverse transcriptases, 
as well as with RNA and DNA polymerases, show a high degree of 
similarity between the active sites of these families of proteins 
(Fig. 4b), suggesting that telomerase also uses a two-metal mech- 
anism for catalysis. Alanine mutants of these TERT aspartic acids 
resulted in complete loss of TERT activity, indicating that the role 
of these residues in telomerase function is essential’*. 

The telomerase nucleotide-binding pocket is located at the inter- 
face of the fingers and palm subdomains of TERT (Fig. 4a) and 
consists of conserved residues that form the motifs 1, 2, A, C, B’ 
and D which are implicated in template and nucleotide binding*”* 
(Supplementary Fig. 5). Structural comparisons of TERT with viral 
HIV reverse transcriptases bound to ATP” support the presence of a 
nucleotide substrate in this location. Two highly conserved surface- 
exposed residues Y256 and V342 of motifs A and C, respectively, 
form a hydrophobic pocket adjacent to and above the three catalytic 


(> TERT 
@ HivAT 


Motif D Motif A 


(D251) Motif 4 


Figure 4 | The active site and nucleotide-binding pocket of telomerase. 

a, The active site of telomerase is formed by three invariant aspartic acids 
that form part of motifs A (D251) and C (D343 and D344). The nucleotide- 
binding pocket is located at the interface of the fingers and palm subdomains 
of reverse transcriptase; a modelled nucleotide using the HIV reverse 
transcriptase (PDB code 2IAJ) is shown as a black stick. b, The overlay of the 
active site residues of TERT (tan) and HIV reverse transcriptase (RT; purple; 
PDB code 1N5Y) shows that there is a high degree of similarity between the 
pockets of the two enzymes. 
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aspartates and this could accommodate the base of the nucleotide 
substrate. Binding of the nucleotide in this oily pocket places the 
triphosphate moiety in proximity of the enzyme’s active site for 
coordination with one of the Mg”* ions. In contrast, it positions 
the ribose group within coordinating distance of an invariant gluta- 
mine (Q308) that forms part of motif B’, which is thought to be an 
important determinant of substrate specificity”. Protein contacts 
with the triphosphate moiety of the nucleotide are mediated by motif 
D, a long loop located beneath the active site of the enzyme. In 
particular, the side chain of the invariant K372 is within coordinating 
distance of the y-phosphate of the nucleotide, an interaction that 
probably helps position and stabilize the triphosphate group during 
catalysis. The side chains of the highly conserved K189 and R192 of 
motifs 1 and 2, which together form a long B-hairpin that forms part 
of the fingers subdomain, are also within coordinating distance of 
both the sugar and triphosphate moieties of the modelled nucleotide. 
Contacts with either or both the sugar moiety and the triphosphate 
moiety of the nucleotide substrate would facilitate nucleotide bind- 
ing and positioning for coordination to the 3'-end of the incoming 
DNA primer. 


TRBD facilitates template positioning at the active site 

As with most DNA and RNA polymerases, nucleic acid synthesis by 
telomerase requires pairing of the templating region (usually seven to 
eight bases or more) of TER with the incoming DNA primer”. 
TRBD-reverse-transcriptase domain organization forms a deep 
cavity on the surface of the protein that spans the entire width of 
the wall of the molecule, forming a gap that allows entry into the hole 
of the ring from its side (Fig. 3a). The arrangement of this cavity with 
respect to the central hole of the ring provides an elegant mechanism 
upon TERT-TER assembly for the placement of the RNA template in 
the interior of the ring and where the enzyme’s active site is located. 
Of particular significance is the arrangement of the B-hairpin that 
forms part of the T motif. This hairpin extends from the RNA-bind- 
ing pocket and makes extensive contacts with the thumb loop and 
motifs 1 and 2 (Fig. 3a). Contacts between this hairpin and both the 
fingers and the thumb domains place the opening of the TRBD 
pocket that faces the interior of the ring in proximity to the active 
site of the enzyme (Fig. 5). It is therefore possible that this B-hairpin 
acts as an allosteric effector switch that couples RNA binding in the 
interior of the ring and placement of the RNA template at the active 
site of the enzyme. Placement of the template into the interior of the 
molecule would facilitate its pairing with the incoming DNA sub- 
strate, which together would form the RNA—DNA hybrid required 
for telomere elongation. RNA—DNA pairing is a prerequisite of tel- 
omere synthesis in that it brings the 3’-end of the incoming DNA 
primer in proximity to the active site of the enzyme for nucleotide 


RNA-binding 
pocket 


Active site 


Motifs 
1 and2 


Figure 5 | Localization of the RNA-DNA ends in the interior of the ring. 
TERT domain organization places the RNA-binding pocket (cyan) and the 
active site of the enzyme in close proximity to each other. Modelling of the 
RNA-DNA heteroduplex in the TERT ring places the 3’-end of the DNA 
substrate (dark purple) at the active site of the enzyme, and the 5’-end of the 
RNA substrate (dark green) at the RNA-binding pocket of telomerase. 
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addition, and the RNA component of the heteroduplex provides the 
template for the addition of identical repeats of DNA at the ends of 
chromosomes. Notably, modelling of the RNA—DNA heteroduplex 
in the interior of the TERT ring places the 5’-end of the RNA sub- 
strate at the entry of the RNA-binding pocket and where TERT is 
expected to associate with TER, whereas it places the 3’-end of the 
incoming DNA primer at the active site of TERT providing a snap- 
shot of the organization of a functional telomerase elongation com- 
plex (Fig. 5). 


Conclusions 


The structure presented here provides a view of the full-length cata- 
lytic subunit of telomerase. The structure shows that TERT is orga- 
nized into an unexpected ring configuration that resembles—both 
structurally and functionally—the HIV reverse transcriptases, the 
viral RNA polymerases and the B-family DNA polymerases, suggest- 
ing that there is an evolutionary link between these families of 
enzymes. It also provides insights into the mechanism of TERT 
and RNA-DNA association, which in turn explains how TERT 
may assemble with RNA—DNA and offers a snapshot of a functional 
telomerase elongation complex required for telomere synthesis. 
Moreover, because telomerase has a critical role in both cancer and 
ageing, these findings could potentially assist our efforts to identify 
and develop inhibitors and/or activators of this enzyme for the treat- 
ment of cancer and ageing, respectively. 


METHODS SUMMARY 


The full-length TERT of T. castaneum was overexpressed in bacteria and purified 
by nickel, ion-exchange and gel-filtration chromatography. Co-crystallization of 
the protein-telomeric-DNA ((TCAGG)3) produced two crystal forms (ortho- 
rhombic and hexagonal), which were grown by the vapour diffusion, sitting- 
drop method. Data were collected at the National Synchrotron Light Source 
(NSLS) at beamline X6A and were processed with MOSFILM (Supplementary 
Table 1). Phases for the orthorhombic crystal were obtained by the method of 
single isomorphous replacement with anomalous signal using a mercury deriv- 
ative (CH;HgCl; Supplementary Table 1). The model from the orthorhombic 
crystal was subsequently used to solve the hexagonal crystal form by molecular 
replacement. Both models were refined to good stereochemistry (Supplementary 
Table 1). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Protein expression and purification. The synthetic gene of T. castaneum full- 
length TERT was cloned into a modified version of the pET28b vector containing 
a cleavable hexahistidine tag at its N terminus. The protein was overexpressed in 
Escherichia coli BL21 (pLysS) at 30 °C for 4h. The cells were lysed by sonication in 
50 mM Tris-HCl, pH 7.5, 10% glycerol, 0.5 M KCl, 5mM f-mercaptoethanol 
and 1mM phenylmethy! sulphonyl fluoride, on ice. The protein was purified 
over a Ni-NTA column followed by TEV cleavage of the hexahistidine tag over- 
night at 4°C. The TERT-TEV mixture was dialysed to remove the excess imi- 
dazole and the protein was further purified over a second Ni-NTA column that 
was used to remove all His-tagged products. The Ni-NTA flow through was then 
passed over a POROS-HS column (Perseptive Biosystems) to remove any trace 
amounts of protein contaminants. At this stage the protein was more than 99% 
pure. The protein was finally purified over a sephedex-S200 sizing column pre- 
equilibrated with 50 mM Tris-HCl, pH 7.5, 10% glycerol, 0.5 M KCl and 1 mM 
Tris(2-carboxyethyl)phosphine (TCEP) to remove any TERT aggregates, and 
the protein was concentrated to 10mgml' using an Amicon 30K cutoff 
(Millipore) and stored at 4 °C for subsequent studies. Stock protein was dialysed 
in 10 mM Tris-HCl, pH 7.5, 200 mM KCl and 1 mM TCEP before crystallization 
trials. 

Protein crystallization and data collection. Initial crystal trials of the protein 
alone did not produce crystals. Co-crystallization of the protein with single- 
stranded telomeric DNA ((TCAGG);) produced two rod-like crystal forms, 
one of which belongs to the orthorhombic space group P2,2;2, and diffracted 
to 2.71 A, and the other belongs to the hexagonal space group P6, and diffracted 
to 3.25 A resolution. The protein—nucleic-acid mix was prepared before setting 
crystal trials by mixing one volume of dialysed protein with a 1.2-fold excess of 
the DNA substrate. Both crystal forms were grown by the vapour diffusion, 
sitting-drop method by mixing one volume of the protein-DNA mix with one 
volume of reservoir solution. Orthorhombic crystals were grown in the presence 
of 50mM HEPES, pH 7.0, and 1.5 M NaNOs, whereas hexagonal crystals were 
grown in 100 mM Tris, pH 8.0, and 2 M (NH4)2SO,, and both crystal forms were 
grown at room temperature. Orthorhombic crystals were collected into cryo- 
protectant solution that contained 50 mM HEPES, pH 7.0, 25% glycerol, 1.7 M 
NaNOs, 0.2 M KCl and 1 mM TCEP and were flash frozen in liquid nitrogen. 
Hexagonal crystals were collected into cryoprotectant solution that contained 
100 mM Tris, pH 8.0, 25% glycerol, 2M (NH4)2SOx, 0.2 M KCland 1 mM TCEP 
and were also flash frozen in liquid nitrogen. Data were collected at the NSLS at 


nature 


beamline X6A and processed with HKL-2000 (ref. 50; Supplementary Table 1). 
Both crystal forms contain a dimer in the asymmetric unit. 

Structure determination and refinement. Initial phases for the orthorhombic 
crystals were obtained using the method of single isomorphous replacement with 
anomalous signal using two data sets collected from two different mercury- 
derivatized crystals at two different wavelengths (Hgl, 1.00850 A Hg2, 
1.00800 A; Supplementary Table 1). The derivatives were prepared by soaking 
the crystals with 5 mM methyl mercury chloride (CH3HgCl) for 15 min. Initially, 
twelve heavy atom sites were located using SOLVE”, and they were refined and 
new phases were calculated with MLPHARE™. The MLPHARE-improved phases 
were used to identify the remaining heavy atom sites (22 in total) by calculating 
an anomalous difference map to a resolution of 3.5 A. The MLPHARE phases 
obtained using all the heavy atom sites were then used in DM (density modi- 
fication package) with two-fold non-crystallographic symmetry and phase 
extension, using the high-resolution (2.71 A) data set collected at 1.00800A 
wavelength to calculate starting experimental maps. These maps were of suf- 
ficient quality for model building which was carried out in COOT™. The electron 
density map shows clear density for all 596 residues of the protein. Notably, we 
did not observe density for the nucleic acid substrate in the structure. The model 
was refined using both CNS-SOLVE™ and REFMACS (ref. 55). The last cycles of 
refinement were carried out with TLS restraints as implemented in REFMACS5 
(Supplementary Table 1). The P2,2,2, refined model was used to solve the 
structure of the TERT crystallized in the P6, crystal form (data collected at 
0.97980 A wavelength) by molecular replacement with PHASER®. 
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An 84-1G magnetic field in a galaxy at redshift 


z= 0.692 


Arthur M. Wolfe’, Regina A. Jorgenson’, Timothy Robishaw’, Carl Heiles* & Jason X. Prochaska’ 


The magnetic field pervading our Galaxy is a crucial constituent of 
the interstellar medium: it mediates the dynamics of interstellar 
clouds, the energy density of cosmic rays, and the formation of 
stars’. The field associated with ionized interstellar gas has been 
determined through observations of pulsars in our Galaxy. Radio- 
frequency measurements of pulse dispersion and the rotation of 
the plane of linear polarization, that is, Faraday rotation, yield an 
average value for the magnetic field of B ~ 3G (ref. 2). The pos- 
sible detection of Faraday rotation of linearly polarized photons 
emitted by high-redshift quasars’ suggests similar magnetic fields 
are present in foreground galaxies with redshifts z> 1. As Faraday 
rotation alone, however, determines neither the magnitude nor 
the redshift of the magnetic field, the strength of galactic magnetic 
fields at redshifts z > 0 remains uncertain. Here we report a mea- 
surement of a magnetic field of B ~ 84 1G in a galaxy at z= 0.692, 
using the same Zeeman-splitting technique that revealed an aver- 
age value of B= 6G in the neutral interstellar gas of our Galaxy*. 
This is unexpected, as the leading theory of magnetic field genera- 
tion, the mean-field dynamo model, predicts large-scale magnetic 
fields to be weaker in the past rather than stronger’. 

We detected Zeeman splitting of the z= 0.692, 21-cm absorption 
line in the direction of the quasar 3C 286 (refs 6, 7) using the 100-m 
Robert C. Byrd Green Bank Telescope (GBT) of the National Radio 
Astronomy Observatory. The absorption arises in a damped Lyman 
(Ly) system (henceforth denoted DLA-3C286) that is drawn from a 
population of neutral gas layers widely thought to be the progenitors 
of modern galaxies*. The radio data for DLA-3C286 are summarized 
in Fig. 1, which shows the line-depth spectra constructed from the 
measurable quantities used to describe polarized radiation, that is, 
the Stokes parameters. We show line-depth spectra constructed from 
the I(v) and V(v) Stokes parameters (where v denotes frequency) near 
the 839.4-MHz frequency centroid of the redshifted 21-cm absorp- 
tion line. Figure 1a shows the line-depth spectrum constructed from 
I(v). A Gaussian fit to the absorption line in Fig. 1a yields a redshift of 
Z= 0.6921526 + 0.0000008, a central optical depth of t) = 0.095 + 
0.006, and a velocity dispersion of o, = 3.75 + 0.20kms_', which 
are in good agreement with previous results®’. 

In Fig. 1b, we plot the line-depth spectrum constructed from V(y), 
which shows the classic ‘S curve’ pattern expected for Zeeman splitting. 
From our least-squares fit to the data, we find that 
Bios = 83.9 + 8.8 1G, where By; is the magnetic field component pro- 
jected along the line of sight (we note that the direction of B,,, is 
unknown because the instrumental sense of circular polarization was 
not calibrated). This magnetic field differs in two respects from the 
magnetic fields obtained from Zeeman splitting arising in interstellar 
clouds in the Galaxy. First, the field strength corresponds to the line-of- 
sight component of the mean field (B,,,) averaged over transverse 
dimensions exceeding 200 pc, as very-long-baseline interferometry 


observations of the 21-cm absorption line show that the gas layer must 
extend across more than 0.03” to explain the difference between the 
velocity centroids of the fringe amplitude and phase-shift spectra’ 
(although the data are consistent with a magnetic field coherence 
length of less than 200 pc, the resulting gradient in magnetic pressure 
would produce velocity differences exceeding the shift of ~3kms' 
across 200 pc detected by very-long-baseline interferometry). By con- 
trast, the transverse dimensions of radio beams subtended at neutral 
interstellar clouds in the Galaxy are typically less than 1 pc. Second, this 
field is at least an order of magnitude stronger than the 6-G average of 
magnetic fields inferred from Zeeman splitting for such clouds’. 

We obtained further information about conditions in the absorb- 
ing gas in DLA-3C286 from accurate optical spectra acquired with 
the HIRES echelle spectrograph on the Keck I 10-m telescope. 
Figure 2 shows velocity profiles for several resonance absorption lines 
arising from dominant low-ionization states of abundant elements. 
The results of our least-squares fit of Voigt profiles to the data are 
shown in Table 1, where the optical redshift is displaced 
+3.8 + 0.2kms_' from the 21-cm redshift. This solution also yields 
ionic column densities from which we derived the logarithmic metal 
abundances with respect to solar abundances, [M/H], and dust-to- 
gas ratios with respect to the Galactic interstellar medium, [D/G]. 
These are among the lowest values of [M/H] and [D/G] deduced for 
damped Lyx systems at z= 0.7 (refs 10, 11). The low metallicity 
indicates a history of low star formation rates. Because the intensity 
of far-ultraviolet radiation emitted by young massive stars is propor- 
tional to the concurrent star formation rate per unit area, Xspp, low 
values of spp should result in low grain photoelectric heating rates 
per hydrogen atom, /%,, (ref. 11). This is consistent with the low 
upper limit, J,.< 107 74 ergs | per hydrogen atom, obtained by 
combining the assumption of thermal balance with the absence of 
C1r* absorption (that is, absorption from C 1 in the excited 7P3/, fine- 
structure state) at a wavelength of 1,335.7 A in the previous low- 
resolution Hubble Space Telescope spectra of quasar 3C 286 (ref. 
12), and indicates that S'gpp<107*?Mo yr |‘ kpc? (95% confid- 
ence level), which is less than the solar-neighbourhood value of 
10 *4*Moa yr ‘kpc? (ref. 13). 

Asa result, we have detected an unusually strong magnetic field at 
z= 0.692 with a coherence length that probably exceeds 200 pc in 
neutral gas that is quiescent, metal poor, nearly dust free, and pre- 
sents little evidence of star formation. To model this configuration, 
we first consider the magnetostatic equilibrium of a plane-parallel 
sheet with in-plane magnetic field Byjane orthogonal to the vertical 
gravitational field exerted by gas with perpendicular mass surface 
density 2. In magnetostatic equilibrium, the total mid-plane pres- 
sure, Beiane/8T + po’, equals the ‘weight’ of the gas, tG2*/2, where p 
is the mass volume density of the gas and G is the gravitational 
constant. However, because the pressure-to-weight ratio exceeds 
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715 in DLA-3C286, the magnetized gas cannot be confined by its self- 
gravity. Therefore, self-consistent magnetostatic configurations are 
ruled out unless the contribution of stars to 2 exceeds 
~350Mo pe ~. Although this is larger than the 50Mo pe * surface 
density perpendicular to the solar neighbourhood, such surface 
densities are common in the central regions of galaxies. In fact, high 
surface densities of stars probably confine the highly magnetized gas 
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Figure 1| Line-depth spectra of Stokes parameters. Data acquired in 12.6 
hours of on-source integration with the GBT radio antenna. Because the 
GBT feeds detect only orthogonal, linearly polarized signals, whereas 
Zeeman splitting requires measuring circular polarization to construct V(v), 
we generated V(v) by cross-correlation techniques”. The velocity 

v=0kms ! corresponds to z = 0.6921526. a, Line-depth function 

Dv) = (I(v) -I(v) )/I-(v). Here I(v) = s9 + soo, with sy the power measured 
in linear-polarization position angle 0, corresponds to the total intensity 
spectrum, and I,(v) is a model fit to the I(v) continuum. 

D,(v) = exp(—t(v)) — 1, where t(v) = (t(v)o + 1(V)o0)/2 is the average 
optical depth in the two orthogonal states of linear polarization’. b, Line- 
depth function Dy(v) = V(v)/I,(v), where V(v) = srcp — Sicp is the 
difference in power between the right-hand and left-hand circularly 
polarized (respectively RCP and LCP) signals. Here Dy(v) = —(ty(v)/ 
2)exp(—t(v)), where ty(v) = trcp(v) — Trcp(v) < 1 (ref. 4) is the difference 
between the optical depths of RCP and LCP photons. For Zeeman splitting of 
the 21-cm line, the degeneracy of the F = 0 to F = 1 hyperfine transition is 
removed because the mp = —1,0, +1 states differ in energy. This results in a 
small frequency difference between absorbed LCP photons (mp = —1) and 
RCP photons (mp = +1). V(v) is crucial for detecting Zeeman splitting 
because the orthogonal, circularly polarized states of the photon are 
eigenstates of the spin angular momentum operator with eigenvalues +/, 
that is, angular momenta directed along or opposite to the direction of 
photon propagation™*. When Bo; = B, transitions between the hyperfine 
F= 0 and F = 1 states occur exclusively through absorption of LCP or RCP 
photons through excitation of the mp = —1 and mp = +1 hyperfine states, 
respectively. Because V(v) is the difference in the RCP and LCP intensities, 
the resulting V(v) line profile is the difference between two Gaussian 
absorption profiles with frequency centroids shifted by 

Avg = 2.8B),,(1 + z) | Hz (where Bj,, is measured in microgauss). The 

‘S curve’ pattern is due to the sign flip in RCP-minus-LCP intensity 
difference as v passes through the line centre. 
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Figure 2 | HIRES velocity profiles for dominant low-ionization states of 
abundant elements in the 21-cm absorber in the direction of quasar 3C 286. 
Spectral resolution is Av = 7.0kms_' and the average signal-to-noise ratio 
per 2.1-km-s_' pixel is about 30:1. The bold dashed vertical line denotes the 
velocity centroid of the single-dish 21-cm absorption feature and the faint 
dashed vertical lines denotes the velocity centroid of the resonance line 
shown in the figure. Our least-squares fit of Voigt profiles (red) to the data 
(black) yields ionic column densities as well as the redshift centroid and 
velocity dispersion shown in Table 1 (lower and upper green horizontal lines 
refer to zero and unit normalized fluxes, respectively). Because refractory 
elements such as Fe and Cr can be depleted onto dust grains”*, we used the 
volatile elements Si and Zn to derive a logarithmic metal abundance with 
respect to solar abundances of [M/H] = —1.30. The depletion ratios [Fe/Si] 
and [Cr/Zn] were then used to derive a conservative upper limit on the 
logarithmic dust-to-gas ratio relative to Galactic values of [D/G] < —1.8. 


in the nuclear rings of barred spirals. These exhibit total field 
strengths of ~100 uG, inferred by assuming equipartition of mag- 
netic and cosmic-ray energy densities’. However, because the rings 
are associated with regions of active star formation, high molecular 
content and high dust content, they are unlikely sites for the magnetic 
field detected in DLA-3C286. 

On the other hand, the absorption site might consist of highly 
magnetized gas confined by the gravity exerted by a disk of old stars. 
The H1 disks found at the centres of early-type SO and elliptical 
galaxies’* are possible prototypes. Support for this idea stems from 
a high-resolution image obtained with the Hubble Space Telescope: a 
Wide Field and Planetary Camera 2 (WFPC2) I-band image, from 
which the quasar has been subtracted, reveals residual emission 
spread over angular scales of ~1” (ref. 15). The asymmetry of the 
light distribution with respect to the point-source quasar suggests 


Table 1| Physical parameters of DLA-3C286 inferred from optical absorption 


lon, X logioLN(X) (cm~7)] [X/H] 

H1 21.25 + 0.02 _ 

Fell 15.09 + 0.01 —1.66 + 0.02 
Crit 13.44 +0.01 —1.48 + 0.02 
Zn 12.53 + 0.03 —1.39 + 0.03 
Sill >15.48 >-131 


Redshift, z= 0.69217485 + 0.00000058; velocity dispersion, a, = 3.08 + 0.13kms_!. N(X), 
column density of ion X. 
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that some of the light is emitted by a foreground galaxy with a bright- 
ness centroid displaced less than 0.5” from the quasar. The location of 
diffuse emission in the direction of an amorphous object detected 
2.5” from the quasar in ground-based imaging" further suggests that 
the diffuse emission comes from central regions of the amorphous 
object. A recent reanalysis of the WFPC2 image shows the amorph- 
ous object to be a filament resembling a spiral arm or tidal tail (H.-W. 
Chen, personal communication), that is, the outer appendage of a 
galaxy centred within a few kiloparsecs of the quasar sightline. 

However, the magnetic field detected in DLA-3C286 may not be 
confined by gravity in an equilibrium configuration. Rather, the 
detected field may be enhanced by a shock (F. H. Shu, personal 
communication). Assuming a typical value of Bpytane ~ 5 UG for the 
equilibrium field of the pre-shock gas, we find that a shock-front 
velocity of ~250kms°! will result in a post-shock field strength of 
~100 uG in the limit of flux freezing in a radiative shock with post- 
shock density of ~10cm7*. This scenario seems plausible because 
250kms°' is a reasonable value for the impact velocity generated by 
the merger between the gaseous disks of two late-type galaxies, and 
the WFPC2 image is consistent with the presence of two foreground 
galaxies. But the second disk would create another set of absorption 
lines displaced =250 kms from the redshift of DLA-3C286, which 
is the only redshift observed. By contrast, the merger between a 
gaseous disk and an elliptical galaxy could result in only one damped 
Lya system redshift, as a significant fraction of elliptical galaxies do 
not contain H1 disks’. In this case, a shock front moving in the plane 
of the disk galaxy would be generated by the gravitational impulse 
induced by the elliptical galaxy moving normal to the plane. 
Preliminary estimates indicate that an elliptical galaxy with a modest 
mass, M = 2 X 10''Mo, and impact velocity of ~300kms~' would 
produce a cylindrical shock of sufficient strength to boost an initial 
field with Bpiane ~ 10 G to a final field of ~100 LG. 

Let us examine these scenarios more closely. The quiescent velocity 
field of the gas fits in naturally with the ‘magnetostatic equilibrium’ 
scenario, because the low value of X'srr suggests a low rate of energy 
injection into the gas by supernovae"’, which could result in a velocity 
dispersion of ¢,,~ 4kms_'. Moreover, the weak radio jets associated 
with early-type galaxies containing central H1 disks are natural 
sources of magnetic fields for these disks. However, 21-cm absorp- 
tion measurements of such disks in nearby galaxies reveal the pres- 
ence of absorption line widths far broader than the narrow line width 
of DLA-3C286 (ref. 18). Also, it is unclear whether or not the high 
surface density of old stars required to confine the magnetic fields are 
present in these disks, and whether or not the build-up of Byjane to 
100 1G is possible in the 4—5-Gyr age of the disk. In the ‘merger 
scenario’, the dynamo need only build up to ~10 1G in the same 
time interval, but it is then necessary to explain why the post-shock 
velocity field averaged over length scales of 200 pc is so quiescent. 
Furthermore, the probability, p, of detecting ~100-G magnetic 
fields in a random sample of 21-cm absorbers is small. Our estimates, 
based on the merger fraction of galaxies with z~ 1 (ref. 19) and on 
the duration time for magnetic field enhancement, suggest that 
p ~ 0.005-0.03: either we were lucky, or some characteristic of 
DLA-3C286, such as narrow line width, is a signature of strong mag- 
netic fields. 

Therefore, it is premature to decide among these and other pos- 
sible models to explain the presence of the 84-11G magnetic field in 
DLA-3C286. However, our data support the inference from recent 
tentative evidence for Faraday rotation in high-z quasars” that mag- 
netic fields are generic features of galaxies at high redshifts, which 
potentially have a more important role in galaxy formation and 
evolution” than hitherto realized. Specifically, the highly magnetized 
gas that we have detected could suppress gravitational collapse 
and, hence, may be a reason for the low in situ star formation rates 
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of high-z damped Lyx systems”. We plan to test this hypothesis by 
using the GBT to search for Zeeman splitting in high-redshift 
damped Ly systems exhibiting 21-cm absorption. 
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Clustered star formation as a natural explanation for 
the Ha cut-off in disk galaxies 


Jan Pflamm-Altenburg' & Pavel Kroupa’ 


The rate of star formation in a galaxy is often determined by the 
observation of emission in the Ha line, which is related to the 
presence of short-lived massive stars. Disk galaxies show a strong 
cut-off in Ha radiation at a certain galactocentric distance, which 
has led to the conclusion that star formation is suppressed in the 
outer regions of disk galaxies. This is seemingly in contradiction to 
recent observations’ in the ultraviolet which imply that disk gal- 
axies have star formation beyond the Ha cut-off, and that the star- 
formation-rate surface density is linearly related to the underlying 
gas surface density, which is a shallower relationship than that 
derived from Hoa luminosities’. In a galaxy-wide formulation, 
the clustered nature of star formation has recently led to the 
insight that the total galactic Ha luminosity is nonlinearly related 
to the galaxy-wide star formation rate’. Here we show that a local 
formulation of the concept of clustered star formation naturally 
leads to a steeper radial decrease in the Ha surface luminosity than 
in the star-formation-rate surface density, in quantitative agree- 
ment with the observations, and that the observed Ho cut-off 
arises naturally. 

The integrated galactic initial mass function (IGIMF) describes the 
mass spectrum of all newly formed stars in a galaxy. The IGIMF is 
calculated by adding all stars of all newly formed star clusters*°, and 
falls off more steeply with increasing stellar masses for massive stars” 
than the canonical initial mass function (IMF) in each star cluster, 
owing to the combination of two effects: the masses of the young star 
clusters are distributed according to the embedded cluster mass func- 
tion (ECME), for which the upper mass limit is a function of the total 
star formation rate® (SFR), and the stellar upper mass limit of the IMF 
is a function of the total star cluster mass’. Consequently, the total 
fraction of massive stars and, therefore, the total Ha luminosity 
decreases faster than linearly with decreasing SFR (ref. 3). The 
IGIMF theory has already been shown to lead naturally to the 
observed mass—metallicity relation of galaxies* and has received 
recent empirical verification in a study of IMF variations among 
galaxies’. 

To construct a quantitative local IGIMF theory, we introduce the 
local embedded cluster mass function (LECMF) 


dN. ecl 
dMe< dx dy 


which defines the number of newly formed star clusters, dNq, in the 
mass interval [M.a, Mea + dM] per unit area at the location (x, y) 
ina disk galaxy. Observations" of Galactic star-forming regions show 


Evecmr(Meas*.Y) = 


that this function is a single-part power law, €pecmr & M.,° , with an 
index of B = 2. The least massive cluster, with mass’ Mec,min = 5Mo, 
should form at any place in the galaxy, whereas the mass, 
Mect,max,loc(% Y)s of the most massive star cluster that can form locally 
is expected to depend on the local gas density, that is, on how much 


material is locally available for star cluster formation. Observations”® 


show that the mass, M.a,max» Of the most massive star cluster in the 
whole galaxy is a function of the total galactic star formation rate. To 
express the dependence of the upper limit of the LECMF on the local 
gas surface density, we write 


(1) 


where 2ias(x, y) and 2gas,9 are the gas densities at the location (x, y) 
and at the origin, respectively. 
The local mass of all star clusters between the two mass limits is 
determined by the local star formation rate, ’spr(x, y), which is 
described by the Kennicutt-Schmidt law*"': Yspr(xyy) =A XY 2 
(x, y). Here A is a proportionality constant and N is widely accepted 
to have the value’ 1.4, although N = 0.99 follows from recent ultra- 
violet observations’. As ultraviolet emission is a star formation tracer 
that is much less sensitive to the presence of OB stars than Ha emis- 
sion, the true exponent N must be much closer to the value derived 
from ultraviolet observations. Thus, we chose N= 1. We note that 
the high-gas-density part of the Kennicutt-Schmidt plot” based on 
far-infrared observations also has a flatter slope, of N = 1.08, and that 
galaxy evolution models suggest N must not exceed unity if observed 
radial density profiles of disk galaxies are to be reproduced"’, con- 
firming our choice. 
We calculate the mass spectrum of all newly formed stars per unit 
area—the local integrated galactic initial mass function (LIGIMF)— 
by adding all newly formed stars of all young star clusters, and the Ha 
surface density follows by adding the Ho flux contributions of all 
newly formed stars. The newly formed stars in each young star cluster 
are distributed according to the invariant canonical IMF (refs 13, 14) 
with a fixed lower mass limit but an upper mass limit depending on 
the total cluster mass’. In terms of Ha emission, young star clusters 
above ~3,000M. have constant light-to-mass ratios, whereas smal- 
ler clusters are increasingly underluminous’. With decreasing star- 
formation-rate surface density, the upper mass limit of the LECMF 
decreases and, consequently, the fraction of underluminous star clus- 
ters increases. Thus, ultraviolet and Ha emissions scale differently 
with the star-formation-rate surface density, gas surface density or 
galactocentric radius. A detailed explanation of how the Ha surface 
luminosity is calculated is given in the Supplementary Information. 
Next, we apply the LIGIMF theory to a sample of disk galaxies’ 
with measured gas surface densities and Ha surface luminosities of 
H 1 regions averaged over annuli at different galactocentric radii. It is 
known that ionising photons emitted by massive stars can escape 
from well-defined H 0 regions and lead to recombinations and, thus, 
Ho radiation in the surrounding diffuse ionised gas'®. Using Ha 
emission as a star formation tracer, this kind of photon leakage has 
to be taken into account to get an estimate of the true star formation 
rate. A previous study'® of the galaxies NGC 247 and NGC 7793 
allows us to construct a correction procedure to obtain the total 


=k) : 


Mecl,max.loc (x,y) = Mecl.max 
x, gas,0 
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Ha surface luminosities from the surface luminosities of H 1 regions 
only (see Supplementary Information). 

For a linear star formation law (N = 1) as derived from ultraviolet 
observations’, the LIGIMF theory predicts a Ha surface luminosity as 
a function of the gas surface density that is in full agreement with the 
observations (Fig. 1). Additionally, the radial Ha profile derived in 
the LIGIMF theory matches the observations perfectly (Fig. 2). The 
concept of clustered star formation resolves the discrepancies 
between Ha and ultraviolet observations completely. 

At first sight it might be objected that the LIGIMF theory contra- 
dicts observations of the ultraviolet sources in the outer disks of 
galaxies: 5—10% of all clusters in the outer disks of galaxies detected 
in the ultraviolet have associated Ha emission’. The age estimates of 
the ultraviolet knots range up to 400 Myr. Clusters with Ha emission 
have ages =20 Myr, as they are powered by short-lived massive stars; 
therefore, 5% of all observed ultraviolet knots are expected to have 
associated Ha emission, in agreement with observations. The 
LIGIMF theory predicts an overabundance of Ha-underluminous 
star clusters beyond the Ha cut-off and a smaller number ratio of 
Hoa-emitting to non-Ha-emitting ultraviolet knots is expected. 
Underluminosity does not mean that there is no Ha emission, how- 
ever. In the LIGIMF theory, each young ultraviolet cluster is a Ha 
source, too, but ultraviolet and Ha luminosities scale differently with 


1038 
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Figure 1| Ha luminosity surface density (5},,) versus total gas surface 
density (,.;). We plot data (black squares) observed for seven disk 
galaxies’*, averaged over annuli at different galactocentric radii, after 
correcting for photon leakage from HI regions (see Supplementary 
Information). These galaxies have a mean star formation rate of 6.9M yr 
(3.2M5-16.4M 5 yr’_‘)*"5, a mean total gas mass of 2.1 X 10'°M5 

(0.6 X 10'°M5-3.6 X 10'°M.5)”"5 and a mean scale length of 4.4 kpc 
(3.9-5.2 kpc)”***. These mean values define our model standard disk galaxy. 
For a choice of y = 3/2 (see equation (1)) the LIGIMF theory predicts a 
2'yo-~ gas relation that matches the observations excellently (solid line). We 
note that the underlying true star-formation-rate surface density as derived 
from ultraviolet observations' is directly proportional to the gas surface 
density (N = 1); it is displayed after being converted into Hx surface 
luminosity using the wrong linear Kennicutt Ha—SFR relation””’ (dashed 
line) and shows the expected 2}4,—2'g,5 relation based on the classical 
picture, which is in disagreement with the observations. Furthermore, the 
Ho luminosity surface density in the high-luminosity part 

(Dy, = 10°" ergs ‘pe *) depends, for the correct LIGIMF theory, on the 
gas surface density raised to the power of 1.4 (dotted line, extrapolated to low 
Ho surface luminosity), in agreement with the classical Kennicutt-Schmidt 
slope of N = 1.4. The LIGIMF theory puts the hitherto inconsistent Ha and 
ultraviolet observations in perfect agreement with each other. The steeper 
high-luminosity slope of N = 1.4 and the Ha cut-off at low gas density are 
simultaneous outcomes of the LIGIMF theory. The thick dotted line which 
almost coincides with the thick solid curve shows a fitting function for the 
LIGIMF model (see Supplementary Information). 
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the cluster mass. Thus, this finding’ is entirely consistent with the 
LIGIMF theory. The observed ultraviolet knots in the outer disk of 
the galaxy M83 are always systematically smaller than their counter- 
parts in the inner disk'’, in agreement with the fundamental basics of 
the LIGIMF theory. There is one outstanding massive young star 
cluster in the outer region of M83, but this does not contradict the 
theory and is instead expected from a statistical point of view (see 
Supplementary Information). Furthermore, the M83 far-ultraviolet 
luminosity function of outer-disk stellar complexes is steeper than 
that of the inner-disk population’*. 

A similar trend is reported in the galaxy NGC 628 for the Ha 
luminosity function of Hm regions’’. In the LIGIMF theory, inner- 
disk LECMFs have higher upper mass limits than outer-disk 
LECMFs. Integration of the LECMFs over the outer and inner regions 
leads to an outer-disk ECMF steeper than the inner-disk ECMF, 
indicating that outer-disk star formation complexes are systematic- 
ally less massive than those in the inner disk. This integration effect is 
fundamentally equivalent to the IGIMF being steeper for dwarf 
galaxies with low global star formation rates than for disk galaxies 
with high star formation rates’. 

Previously, the Ho cut-off has been explained’* by a drop of the 
local gas density below a critical value determined by the stability 
condition of a thin isothermal disk*’' where no star formation can 
occur. In contradiction to this explanation, recent ultraviolet obser- 
vations! reveal star formation outside the Ho cut-off, and dwarf 
galaxies” show star formation although their average gas density is 
lower than the critical value. Indeed, it has been shown that in regions 
with densities lower than the critical value, star formation can be 
driven by instabilities other than thermal’’. It has been argued that 
HI regions powered by the same massive stars are larger in a thin 
environment—that is, at large galactocentric radii—than in a dense 
one, and identical Ht regions thus become fainter in the outer 
galaxy. Therefore, it has been concluded” that the Ha surface lumin- 
osity should decrease faster than the star-formation-rate surface den- 
sity. Indeed, the surface brightness of individual H 1! regions should 
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Figure 2 | Star-formation-rate surface density (Xs-p) versus 
galactocentric radius (r). Radial distribution of the star-formation-rate 
surface density of nine disk galaxies based on ultraviolet' (thin dash-dot 
lines) and Hz (ref. 30; thin dotted lines) observations that rely on a wrong 
linear conversion”? between the corresponding Ha luminosity surface 
density and star-formation-rate surface density after correction for photon 
leakage (see Supplementary Information). The galactocentric radius, r, is 
expressed in units of rpresholas the Ha threshold radius”. Also plotted are the 
true underlying star-formation-rate surface density of our standard disk 
galaxy (thick solid line) as defined in Fig. 1 and the model Ha surface 
luminosity (thick dotted line) converted into a star-formation-rate surface 
density using the same linear conversion””*’. The LIGIMF theory thus 
naturally accounts for the discrepant 2'srz value at a particular radius. 
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be fainter in the outer galaxy. However, the Ha surface density con- 
sidered in star formation laws refers to the total Ha luminosity per 
unit area of the galaxy and not to the cross-section of the H 1! region. 
Identically powered H 1! regions contribute equally to the Ha surface 
luminosity independently of their location in a thin or a dense gas 
environment. Thus, the proposed solution” explains neither the Ha 
cut-off nor the different slopes of the ultraviolet-based and Ha-based 
star formation laws. It has been shown recently that a required min- 
imum column density for massive star formation might exist™, 
implying star formation with no massive stars in low-density envir- 
onments. However, this model predicts a top-heavy IMF for cloud 
column densities much larger than this threshold, for which no 
observational evidence exists, and allows no quantitative linkage 
of Ha luminosity and the star formation rate. 

Contrary to this previously existing work, the LIGIMF theory 
developed here is in excellent agreement with the observed radial 
Ha and ultraviolet luminosity profiles (Fig. 2) and the Kennicutt— 
Schmidt star formation law (Fig. 1), and also allows the determina- 
tion of star formation rates even in Ha-faint galaxy regions. 
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Nanoscale magnetic sensing with an individual 


electronic spin in diamond 
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Detection of weak magnetic fields with nanoscale spatial resolu- 
tion is an outstanding problem in the biological and physical 
sciences’ >. For example, at a distance of 10 nm, the spin of a single 
electron produces a magnetic field of about 1 pT, and the corres- 
ponding field from a single proton is a few nanoteslas. A sensor 
able to detect such magnetic fields with nanometre spatial resolu- 
tion would enable powerful applications, ranging from the detec- 
tion of magnetic resonance signals from individual electron or 
nuclear spins in complex biological molecules** to readout of clas- 
sical or quantum bits of information encoded in an electron or 
nuclear spin memory’. Here we experimentally demonstrate an 
approach to such nanoscale magnetic sensing, using coherent 
manipulation of an individual electronic spin qubit associated 
with a nitrogen-vacancy impurity in diamond at room temper- 
ature’. Using an ultra-pure diamond sample, we achieve detection 
of 3 nT magnetic fields at kilohertz frequencies after 100 s of aver- 
aging. In addition, we demonstrate a sensitivity of 0.5 pT Hz” 
for a diamond nanocrystal with a diameter of 30 nm. 

Sensitive solid-state magnetometers typically use phenomena such 
as superconducting quantum interference in SQUIDs”® or the Hall 
effect in semiconductors’. Intriguing avenues such as magnetic res- 
onance force microscopy are also currently being explored*®. Our 
approach to magnetic sensing® uses the coherent manipulation of a 
single quantum system, an electronic spin qubit. As illustrated in 
Fig. 1, the electronic spin of an individual nitrogen-vacancy impurity 
in diamond can be polarized by optical pumping and measured 
through state-selective fluorescence. Conventional electron spin res- 
onance (ESR) techniques are used to coherently manipulate its ori- 
entation. To achieve magnetic sensing, we monitor the electronic 
spin precession, which depends on external magnetic fields through 
the Zeeman effect. This method is directly analogous to precision 
measurement techniques in atomic and molecular systems’, which 
are widely used to implement ultra-stable atomic clocks'®” and 
sensitive magnetometers’. 

The principal challenge for achieving high sensitivity using solid- 
state spins is their strong coupling to the local environment, which 
limits the free precession time and thus the magnetometer’s sensitiv- 
ity. Recently, there has been great progress in understanding the local 
environment of nitrogen-vacancy spin qubits, including '°C nuclear 
spins”'*"'’ and electronic spin impurities'**°. Here we use coherent 
control over a coupled electron—nuclear system*’®, similar to tech- 
niques used in magnetic resonance, to decouple the magnetometer 
spin from its environment. As illustrated in Fig. 1d, a spin-echo 
sequence refocuses the unwanted evolution of the magnetometer 
spin due to environmental fields fluctuating randomly on timescales 
much longer than the length of the sequence. However, oscillating 


external magnetic fields matching the echo period will affect the spin 
dynamics constructively, allowing sensitive detection of its ampli- 
tude. 

The ideal preparation, manipulation and detection ofan electronic 
spin would yield a so-called quantum-projection-noise-limited min- 
imum detectable magnetic field’? 

h 
Slav hT 
where T; is the electronic spin coherence time, Tis the measurement 
time, {lg is the Bohr magneton, fi is Planck’s constant divided by 27, 
and g~ 2 is the electronic Landé g-factor. In principle, for typical 
values of T, ~ 0.1-1 ms, sensitivity of the order of a few nT Hz 
can be achieved with a single nitrogen-vacancy centre. Although this 
is less sensitive than for state-of-the-art macroscopic magnet- 
ometers’”, a key feature of our sensor is that it can be localized within 
a region of about 10 nm, either in direct proximity to a diamond 
surface or within a nano-sized diamond crystal (Fig. la). Sensitive 
magnetic detection on a nanometre scale can then be performed with 
such a system under ambient conditions. Supplementary Fig. 1 pro- 
vides a comparison between magnetic field sensitivity and detector 
volume for several state-of-the-art magnetometers and the nitrogen- 
vacancy diamond systems demonstrated here. 

To establish the sensitivity limits of a single electronic spin mag- 
netometer, we carried out a series of proof-of-principle experiments 
involving single nitrogen-vacancy centres in bulk ultra-pure single- 
crystal diamond and in commercially available diamond nanocrys- 
tals. Our experimental methodology is outlined schematically in 
Fig. 1; further details about our experimental set-up and diamond 
samples are given in Methods. We first focus on the single-crystal 
diamond bulk sample. Figure 2a shows a typical spin-echo signal 
observed from an individual nitrogen-vacancy centre. The periodic 
modulation of the echo is caused by a bath of spin-1/2 '°C nuclei 
(1.1% natural abundance), which create an effective precessing mag- 
netic field at the nitrogen-vacancy centre of a few microteslas. In the 
presence of an applied static magnetic field Bpc, the periodic Larmor 
precession of the nuclear field causes the nitrogen-vacancy spin-echo 
signal to collapse and revive" at half the rate of the Larmor frequency 
of °C, @, = y13c Bpc, where 713 is the carbon gyromagnetic ratio. 
Note that substantial spin-echo revivals exist even after a free evolu- 
tion of 0.6ms. To detect an external AC magnetic field with the 
highest sensitivity, we must eliminate the contribution from the 
°C nuclear field. To this end, the revival rate of the spin-echo signal 
is adjusted by varying the strength of Bpc, such that the frequency of 
the echo revival peaks coincides with multiples of the AC field fre- 
quency (v) to be detected. 


(1) 


OBmin aa 
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As shown in Fig. 2b, the observed peak of the spin-echo signal 
varies periodically as the amplitude of the external AC field (Bac) 
is increased. This signal variation results from phase accumulated by 
the nitrogen-vacancy spin due to the external AC magnetic field and 
the resultant time-varying Zeeman shift during the spin’s precession; 
converting this phase into a spin population difference gives rise to 
variations in the detected fluorescence, which serves as the magneto- 
meter signal. Note that the period of this signal oscillation depends 
on the spin-echo interval, t = 1/v. For a given value of Bac, the phase 
accumulated by the electronic spin over one period will increase as 
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Figure 1| Principles of the magnetic sensor, which is based on individual 
nitrogen-vacancy electronic spins in diamond. a, A single nitrogen-vacancy 
impurity (NV) proximal to the surface of an ultra-pure bulk single-crystal 
diamond sample (left) or localized within a diamond nanocrystal (right) is 
used to sense an externally applied AC magnetic field (Bac, top left). A 20- 
jum-diameter wire (yellow) generates microwave pulses to manipulate the 
electronic spin states. b, Level structure of the nitrogen-vacancy centre; see 
Methods for details. c, Diagram of the experimental approach. Single 
nitrogen-vacancy centres are imaged and localized with ~170 nm resolution 
using confocal microscopy. The position of the focal point is moved near the 
sample surface, using a galvanometer mounted mirror to change the beam 
path and a piezo-driven objective mount. A pair of Helmholtz coils is used to 
provide both AC and DC magnetic fields. Experiments are then performed 
on single nitrogen-vacancy centres, as verified by photon correlation 
measurements. d, Optical and microwave spin-echo pulse sequence used for 
sensing an AC magnetic field, B,yc(t). An individual centre is first polarized 
into the m, = 0 sublevel. A coherent superposition between the states m, = 0 
and m, = 1 is created by applying a microwave 7/2 pulse tuned to this 
transition. The system freely evolves for a period of time 1/2, followed by a 1 
refocusing pulse. After a second 1/2 evolution period, the electronic spin 
state is projected onto the m, = 0,1 basis by a final 1/2 pulse, at which point 
the ground state population is detected optically via spin-dependent 
fluorescence. The DC magnetic field is adjusted to eliminate the 
contribution of the randomly phased field produced by ‘°C nuclear spins 
(gold curve) by choosing t = 2n/c,, for integer n. 
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Figure 2 | Demonstration of spin-echo-based magnetometry with an 
individual nitrogen-vacancy electronic spin in a bulk diamond sample. 

a, Example of electronic spin-echo measurement. We plot the normalized 
echo signal corresponding to a fractional change of nitrogen-vacancy centre 
fluorescence. Maximal signal corresponds to an average number of photons 
(n) = 0.03 detected during the 324-ns photon counting window of a single 
experimental run. Collapses and revivals are due to interactions with a °C 
nuclear spin bath. The revivals occur at half the rate of the Larmor frequency 
of °C (here set by Bpc = 22 G). The spin-echo signal envelope was fitted 
with an exponential decay function modulated by a strongly interacting pair 
of nearby ‘°C (see Methods). Magnetometer sensitivity experiments are 
performed at spin-echo revival peaks to maximize signal. Revivals 1 and 2, 
treated in b, are indicated. b, Examples of measured spin-echo signal as a 
function of Bac for two operating frequencies, v, = 3.15 kHz (red) and 

V2 = 4.21 kHz (blue), corresponding to revivals 1 and 2 indicated in a. Each 
displayed point is a result of N= 7 X 10° averages of spin-echo sequences. 
The magnetometer is most sensitive to variations in the AC magnetic field 
amplitude (5B) at the point of maximum slope, with the sensitivity being 
limited by the uncertainty in the spin-echo signal measurement (5S). We 
note that the cosine behaviour of the signal with respect to AC magnetic field 
amplitude can be changed to a sine by adjusting the phase of the third 
microwave pulse by 90°. This change moves the point of maximum 
magnetometer sensitivity to near zero AC field amplitude. 


the frequency of the external AC field decreases. At the conclusion of 
a single run of the magnetometry pulse sequence, the measurable 
spin-echo signal Sp is proportional to the probability of the nitro- 
gen-vacancy spin being in the m,=0_ state: Spa 
Po(Bac) = [1 + F(t)cos(6@)]/2, where 5¢ = 4gupBac/2nv and F(t) 
is the amplitude of the spin-echo signal envelope in the absence of 
the external AC magnetic field (Fig. 2a). 

The sensitivity of the nitrogen-vacancy magnetometer to small 
variations in Bac, as depicted in the measurements shown in 
Fig. 2b, is given by 6Bnin = oe J dSz, where aw is the standard devi- 
ation of the spin-echo measurement after N averages and dS; is the 
slope of the spin-echo signal variation with Bac. Since maximum 
sensitivity (that is, smallest 6B,,in) occurs at maximum slope, all 
magnetometer sensitivity measurements were conducted at this 
point. This maximum slope is proportional to the spin-echo ampli- 
tude divided by the frequency of the oscillating field, dSz « F(1/v)/v. 
For a shot-noise-limited signal with uncertainty os in a single mea- 
surement, oN =6s5 i VN, where N= Tit. Hence the magnetometer 
sensitivity is expected to scale as OBmin © V/v/F(1/¥). 

Figure 3a shows example measurements of the sensitivity 6Bnin 
after 1 s of averaging as a function of the AC magnetic field frequency, 
v = 1/t. As this frequency decreases, the accumulated Zeeman phase 
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Figure 3 | Characterization of magnetometer sensitivity and minimum 
measurable AC magnetic field. a, Measured sensitivity of a single nitrogen- 
vacancy spin magnetometer in a bulk diamond sample over a range of 
frequencies for the external AC magnetic field after averaging for one second 
(T = 1s). Error bars, standard deviation (s.d.) for a sample size of 30. Also 
shown is the theoretically predicted sensitivity (solid blue line), with the 
shaded region representing uncertainty due to variations in photon 


shift of the nitrogen-vacancy spin during one period increases. This 
makes the nitrogen-vacancy spin more sensitive to variations of Bac 
as the frequency is reduced, until the point at which the nitrogen- 
vacancy spin decoheres during a single period of the external AC 
magnetic field’s oscillation. This decoherence decreases the magnet- 
ometer’s sensitivity by decreasing the contrast of the spin-echo signal 
(F(1/v) > 0) and therefore the slope dS . At high frequencies or short 
times, F(1/v)—> 1, and the sensitivity scales as \/v. Hence, the mag- 
netometer sensitivity is optimized for frequencies comparable with 
the longest time for which substantial echo signal is still observable. 
We note that it is possible to measure at higher frequencies without 
further loss of sensitivity by using multiple spin-echo pulses in a given 
measurement period’. Figure 3b shows examples of measured nitro- 
gen-vacancy magnetometer sensitivity for a fixed v as a function of T. 
The solid line is a fit to 5Byin x IT *, where « = 0.5 + 0.01, indi- 
cating that magnetic fields as small as few nanoteslas are resolvable 
after 100 s of averaging. 

As noted above, a key feature of our technique is that at specific 
times, determined by echo revivals, the nitrogen-vacancy electronic 
spin can be essentially decoupled from '*C nuclear spins. In practice, 
the decoupling is not perfect, owing to internal dynamics of the 
electronic environment other than simple spin precession. In fact, 
the overall decay of the echo signal shown in Fig. 2a does not follow 
the simple exponential decay associated with typical ESR on bulk 
samples. This can be understood by noting that the echo dynamics 
of a single nitrogen-vacancy centre near its revivals is probably deter- 
mined by a few nearby '°C atoms, which interact strongly with the 
electronic spin”'*'°”', yielding multiple characteristic timescales for 
echo decay (see Methods). 

The absolute sensitivity of the nitrogen-vacancy magnetometer 
depends on the signal-to-noise ratio in the readout of the nitrogen- 
vacancy electronic spin state. In the present demonstration, this is 
limited by photon collection efficiency, which is ~0.1%. The result- 
ing photon shot noise’* is about an order of magnitude larger than 
the ideal quantum projection noise limit given by equation (1), 
resulting in a corresponding degradation of magnetometer sensitiv- 
ity. Our theoretical prediction of magnetometer sensitivity (solid 
curve in Fig. 3a) combines the nitrogen-vacancy coherence prop- 
erties shown in Fig. 2a with the noise due to photon counting stat- 
istics and imperfect collection efficiency (see Methods). This 
prediction is in excellent agreement with our experimental results, 
indicating that our magnetometer is photon-shot-noise limited. 

To demonstrate magnetic sensing within a nanoscale detection 
volume, we also performed similar experiments with single nitro- 
gen-vacancy centres in diamond nanocrystals. We used commer- 
cially available nanocrystals that contain a large number of 
impurities, which shorten the electronic spin coherence time” to 
values ranging from 4 to 10 kus. Sensitive detection of AC magnetic 
fields is still possible, as demonstrated experimentally in Fig. 4. Here, 
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collection efficiency (see Methods). Measurements were carried out at two 
different DC fields, Byc = 13 G (in red) and 22 G (in green). b, The 
minimum measurable AC magnetic field as a function of averaging time, for 
AC field frequency v = 3.2 kHz and Bpc = 13G. Fit to this data (red curve) 
shows that the sensitivity improves as the square root of the averaging time, 
and is consistent with theoretical estimates based on photon-shot-noise 
limited detection. 


the echo signal from a single nitrogen-vacancy centre in a 30-nm-size 
nanocrystal decays on a timescale of ~4 us. The absence of character- 
istic collapses and revivals, associated with couplings to '°C nuclear 
spins, indicates that the echo decay is probably due to other spin 
impurities, such as paramagnetic substitutional nitrogen atoms con- 
taining unpaired electron spins. Magnetic sensing with such a nano- 
crystal at v= 380kHz is demonstrated in Fig. 4b. From these 
measurements, we estimate a magnetometer sensitivity of 
OBmin ~ 0.5 + 0.1 wT Hz"? for this nanocrystal. 

Improved magnetometer sensitivity for bulk and nanocrystal dia- 
mond may be achieved in several ways. By using isotopically pure 
diamond with low concentrations of both '°C and nitrogen electron 
spin impurities, much longer coherence and interrogation times 
should be possible. For diamond nanocrystals, however, the ultimate 
sensitivity will eventually be limited by surface effects'***. Increases to 
the signal-to-noise ratio may also be possible by improving the mea- 
surement readout efficiency. Near single-shot readout of an elec- 
tronic spin in diamond has been achieved with cryogenic cooling 
using resonant excitation™*. Photon collection efficiency at room 
temperature can also be substantially improved using either conven- 
tional far-field optics or evanescent, near-field coupling to optical 
waveguides”. Finally, further improvements can probably be 
obtained by using magnetic sensing with multiple nitrogen-vacancy 
centres and by using more complex pulse sequences’. 

Our results demonstrate that electronic spins in diamond can 
be used for precision measurements of nanoscale magnetic fields. 
This approach opens a new regime of magnetic sensing, enabling 
detection of single-electron and even nuclear spins separated from 
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Figure 4 | Demonstration of magnetic sensing with a single nitrogen- 
vacancy electronic spin in a diamond nanocrystal. a, Example of electronic 
spin-echo signal from a single nitrogen-vacancy centre contained in a 
diamond nanocrystal with diameter of 34 + 12 nm as determined by atomic 
force microscopy. Maximum signal corresponds to an average number of 
photons (n) = 0.02 counted during a 324-ns photon counting window. The 
arrow indicates the time at which magnetic sensing is performed in 

b. b, Example of electronic spin-echo signal as a function of Bac at a 
frequency of v = 380 kHz. For these data, N = 2 X 10° averages of spin-echo 
sequences were used. The resulting standard deviation yields a 
magnetometer sensitivity of 0.5 + 0.1 uTHz "?. 
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nitrogen-vacancy centres by a few tens of nanometres (see 
Supplementary Information for details). For example, by combining 
our spin-echo based method with the recently demonstrated” trans- 
port and manipulation of nanocrystals using an atomic force micro- 
scope, a new kind of nanoscale scanning magnetic sensor may be 
created. Sucha sensor could have a wide range of applications, ranging 
from biological and materials science to quantum information pro- 
cessing and fundamental tests of quantum mechanics. With the aid of 
field gradients, used for example in approaches based on magnetic 
resonance force microscopy”®, nitrogen-vacancy diamond magnet- 
ometers may allow sensing and resolving of individual nuclear spins, 
with applications in structural biology*”’. Our sensing technique also 
provides an efficient method for measuring single electronic spins in 
various quantum computing architectures. Furthermore, this tech- 
nique may allow non-destructive mapping of quantum states into 
nitrogen-vacancy centres, operating as a quantum magnetic ‘head’, 
with possibilities for mechanical transport of quantum information. 
Finally, we note that our technique could be used for detecting the 
quantum motion of magnetic mechanical resonators”, with new 
possibilities for creating non-classical states of mechanical motion 
and for testing quantum mechanics on a macroscopic scale. 


METHODS SUMMARY 


AC magnetometry was performed at room temperature on nitrogen-vacancy 
centres found in both a bulk single-crystal diamond sample and in synthetic 
diamond nanocrystals (30 nm mean diameter). Single nitrogen-vacancy centres 
were isolated and probed by confocal microscopy. Phonon-mediated fluorescent 
emission (630-750nm) was detected under coherent optical excitation 
(A = 532 nm) using a single photon counting module (APD). As single spots 
in the confocal image may constitute many nitrogen-vacancy centres, single 
centres were identified by observing photon antibunching in the measurement 
of the second-order correlation function. 

Green excitation of a nitrogen-vacancy centre also polarized the electronic 
spin by optical pumping to the m,=0 sublevel of the *A, ground state. The 
mechanism responsible for optical pumping also provided a means for spin- 
sensitive detection, as the rate of fluorescence differs for the m, = 0 and m,= +1 
states. Coherent manipulation of the spin states was achieved by applying micro- 
wave radiation resonant with the |0)—> |1) transition through a 20 um wire. A 
pair of Helmholtz coils provided a static magnetic field to split the degenerate 
|+1) levels; these coils also produced the external AC magnetic fields sensed with 
the nitrogen-vacancy magnetometer. 

In performing magnetometry, pulsed laser and microwave excitations were 
defined with an acousto-optic modulator and microwave switch, respectively. As 
described in Fig. 1d, magnetometer measurements were made for an external AC 
magnetic field with amplitude Bac and frequency v, properly phased with respect 
to the microwave pulses. When the length of the spin-echo sequence (t) equalled 
1/y, the accumulated phase of the electronic spin was proportional to Bac. The 
fluorescence rate was directly related to this phase. A counting window of 324 ns 
provided optimal contrast of the fluorescent readout. Many spin-echo cycles 
were typically averaged to reduce the uncertainty of the photon statistics assoc- 
iated with the low count rate (<1 photon per readout). This technique was 
sensitive to the projection of the AC magnetic field onto the quantization axis 
of the electronic spin, corresponding to a vector magnetometer. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Samples. AC magnetometry was performed at room temperature on nitrogen- 
vacancy centres in both a _ bulk single-crystal diamond sample 
(1mm X 1mm X 0.5mm, natural diamond with an atypically low nitrogen 
concentration) and in diamond nanocrystals (monocrystalline, synthetic dia- 
monds, 30nm mean diameter, purchased from Microdiamant) deposited on a 
quartz coverslip. 

Confocal set-up. Single nitrogen-vacancy centres were isolated and probed via 
confocal microscopy. Phonon-mediated fluorescent emission (630-750 nm) was 
detected under coherent optical excitation (A = 532 nm) using a single photon 
counting module (Perkin-Elmer SPCM-AQRH-13). The density of nitrogen- 
vacancy centres in both the bulk single-crystal and nanocrystal samples were 
sufficiently low that single bright spots (within the approximate confocal volume 
of 200nm X 200nm X 500nm) were resolvable from the background fluor- 
escence. As single spots in the confocal image may constitute many nitrogen- 
vacancy centres, single centres were identified by observing photon antibunching 
in the measurement of the second-order correlation function. This emission was 
separated from the excitation path using a dichroic mirror, and also notch and 
longpass filters. Samples were imaged with an oil immersion objective lens 
(Nikon CFI Plan Fluor Series, NA=1.3, 100X magnification) over a 
50 um X 50 um area in the plane normal to the optical path. Two galvanometer 
controlled mirrors steered the beam path for rapid imaging of this area. 
Experimental drifting of the focal plane due to thermal effects was compensated 
by using closed-loop feedback of the galvanometer and objective piezo voltages. 
Single-centre electron spin resonance. The nitrogen-vacancy centre *A ground 
state consists of two unpaired electrons in a triplet configuration leading to a 
zero-field splitting (A = 2.87 GHz) between the m, = 0 and m, = + 1 sublevels. 
Coherent optical excitation at 2 = 532 nm optically pumped the ground state 
into its m, = 0 sublevel. In addition, an external static magnetic field produced by 
a pair of Helmholtz coils split the degeneracy between the m, = +1 states. It was 
then possible to selectively address transitions between the m, = 0 and m, = 1 (or 
m, = —1) states with microwave radiation (Fig. 1b) and manipulate a two-level 
subspace of the spin triplet (for example with spin-echo pulse sequences). 
Microwave radiation was applied by using the magnetic field emanating from 
a 20 um wire placed on the surface of the samples. 

The excited (*E) state decay rates, also responsible for optical pumping, pro- 
vided a means for spin-sensitive detection, as the rate of fluorescence was 
reduced for the m,= +1 states compared to the m,=0 states, with >35% 
contrast. The spin state in the ground electronic state was measured by pulsing 
on green excitation and monitoring the total number of photons collected within 
the optimal measurement interval, 324 ns. A 300 MHz PulseBlaster ESR pulse 
generator was employed for timing the triggering of counters, microwave pulses, 
the AC magnetic field, and the excitation laser. Microwave pulses were provided 
by gating the output of a frequency synthesizer with a microwave switch, while 
green laser pulses were generated using an acousto-optic modulator. The z and 
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m/2 pulses used for the spin-echo sequence were calibrated from the Rabi nuta- 
tion curves between the two spin states. 
AC magnetometry. As described in Fig. 1d and in ref. 8, demonstration mag- 
netometer measurements were performed for an externally applied AC magnetic 
field with amplitude Bac, frequency v, and phase dc during a cycle of a spin- 
echo sequence with a period t. The accumulated phase of the spin superposition 
state 
4g Up Bac TVT 

6p= SEA sin? (=) cos(tvt+ bac) (2) 
contained information about the projection of the AC magnetic field amplitude 
onto the quantization axis of the electronic spin, corresponding to a vector 
magnetometer. Oscillatory magnetic fields from 1-10 kHz were generated by 
modulating the current through a Helmholtz pair also used to apply a bias DC 
magnetic field. For application of higher frequency AC fields (100-300 kHz), a 
single coil (60 turns) was resonantly driven and placed near the sample. 

The measured signal intensity S; was a function of the accumulated phase 6¢, 
as given by the probability of being in the m, = 0 state after the spin-echo pulse 
sequence: Sz x P( Bac) = [1 + F(t)cos(Sp)]/2. Ideally, for a single-shot mea- 
surement of Bac the sensitivity was maximized for a particular v by setting 
t = 1/v. In practice, many spin-echo cycles were averaged to reduce the uncer- 
tainty in photon statistics given the low single-shot count rate. To this end, the 
period of the entire measurement sequence (including polarization and readout, 
Fig. 1d) was matched to 1/v in order to avoid multiple offset phases 4c when the 
periods were incommensurate. The dependence on ¢,c was removed entirely by 
appropriately shifting the time origin of the measurement pulse train. As the 
polarization (t, = 1 us) and readout (t, = 3 ts) periods were short compared to 
the oscillation periods for typical 1-10kHz AC magnetic fields, this choice 
introduced a slight deviation ¢ from the optimal 64, as 
Tt +1, +7 = 1/v>tv=1-—<e. The overall sensitivity was thus slightly reduced 
from its optimal value as 1—O(e”). For all experiments presented here, 
vt = 0.88 was used. The envelope of the spin-echo signal, F(t) (see, for example, 
Fig. 2a) was modelled with an exponential decay modulated by the effect of a pair 
of nearby strongly interacting ‘°C nuclear spins. In this model”, 
F(t) = exp(—(t/T>)*)(1 — [(a? — b*)/a?]sin?(at)sin’(bt)); where for the data 
in Fig. 2a we found T> = 676 1s, b = 478 Hz (corresponding to the dipolar inter- 
action between the two nuclei) and a= 626 Hz (corresponding to the interac- 
tions between the nuclei and the nitrogen-vacancy spin). Using these 
experimentally determined parameters, the above model provided a prediction 
for the magnetometer sensitivity® nyc =7h/(gpi3CV/VF(1/v)) as a function of 
frequency (solid curve in Fig. 3a), where g~ 2 is the electron g-factor, [up is the 
Bohr magneton, and C ? = 1 + 2(ay + a; + a94,)/(ag — a1)” isa factor that esti- 
mates® the photon shot noise when the average photon number during the 
readout window of 324ns is much less than 1. The values ay = 0.03 + 0.006 
and a; = 0.018 + 0.004 were the average numbers of detected photons for the 
electronic spin states m,= 0 and m, = + 1, respectively. 
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Magnetic resonance imaging and optical microscopy are key tech- 
nologies in the life sciences. For microbiological studies, especially 
of the inner workings of single cells, optical microscopy is norm- 
ally used because it easily achieves resolution close to the optical 
wavelength. But in conventional microscopy, diffraction limits the 
resolution to about half the wavelength. Recently, it was shown 
that this limit can be partly overcome by nonlinear imaging tech- 
niques”, but there is still a barrier to reaching the molecular scale. 
In contrast, in magnetic resonance imaging the spatial resolution 
is not determined by diffraction; rather, it is limited by magnetic 
field sensitivity, and so can in principle go well below the optical 
wavelength. The sensitivity of magnetic resonance imaging has 
recently been improved enough to image single cells**, and mag- 
netic resonance force microscopy” has succeeded in detecting sin- 
gle electrons® and small nuclear spin ensembles’. However, this 
technique currently requires cryogenic temperatures, which limit 
most potential biological applications*. Alternatively, single-elec- 
tron spin states can be detected optically®", even at room temper- 
ature in some systems''™*. Here we show how magneto-optical 
spin detection can be used to determine the location of a spin 
associated with a single nitrogen-vacancy centre in diamond with 
nanometre resolution under ambient conditions. By placing these 
nitrogen-vacancy spins in functionalized diamond nanocrystals, 
biologically specific magnetofluorescent spin markers can be pro- 
duced. Significantly, we show that this nanometre-scale resolution 
can be achieved without any probes located closer than typical cell 
dimensions. Furthermore, we demonstrate the use of a single dia- 
mond spin as a scanning probe magnetometer to map nanoscale 
magnetic field variations. The potential impact of single-spin 
imaging at room temperature is far-reaching. It could lead to the 
capability to probe biologically relevant spins in living cells. 

The nitrogen-vacancy centre in diamond is a unique solid state 
system that allows ultrasensitive and rapid detection of single elec- 
tronic spin states under ambient conditions’’. The nitrogen-vacancy 
defect is a naturally occurring impurity that is responsible for the 
pink colouration of diamond crystals when present in high concen- 
tration. It was demonstrated that this colour centre can be produced 
in diamond nanocrystals by electron irradiation. Fluorescing nitro- 
gen-vacancy diamond nanocrystals can be used as markers for bioi- 
maging applications’®. Such markers have attracted widespread 
interest because of their unprecedented photostability and non-tox- 
icity'®'”. It was recognized recently that the magnetic properties of 
such fluorescent labels can in principle be used for novel micro- 
scopy'*'’. Here we demonstrate the realization of a magneto-optic 


microscope using nitrogen-vacancy diamond as the magnetic fluor- 
escent label that moreover does not bleach or blink. 

Figure lc and d show the fluorescence and atomic force micro- 
scope image of nanocrystals containing nitrogen-vacancy defects. By 
careful choice of irradiation doses, we were able to control the num- 
ber of nitrogen-vacancy centres per nanocrystal. The particular sam- 
ple presented in Fig. 1 has on average a single nitrogen-vacancy defect 
per 40 nm nanocrystal (confirmed by fluorescence correlation mea- 
surements, Fig. le). 

The energy level scheme and structure of the nitrogen-vacancy 
defect is shown in Fig. 1a and b. Two out of six electrons of the centre 
are unpaired, forming an electron spin triplet in the electronic 
ground and first excited state. Broadband optical excitation of the 
centre polarizes it by optical pumping into the m, = 0 spin sublevel. 
Laser-assisted detection of the spin state of a single nitrogen-vacancy 
centre makes use of differences in the absorption and emission prop- 
erties of the spin sublevels. Specifically, the spin sublevel with mag- 
netic quantum number m,=0 (bright state) scatters ~30% more 
photons than m,= +1 states. Hence, when a resonant microwave 
field induces magnetic dipole transitions between these electronic 
spin sublevels, it destroys the optically pumped spin polarization, 
resulting in a significant decrease of the nitrogen-vacancy centre 
fluorescence. An example of such an optically detected electron spin 
resonance (ESR) spectrum of a single nitrogen-vacancy electronic 
spin is shown in Fig. If. 

The spin Hamiltonian of the nitrogen-vacancy defect (neglecting 
electron—nuclear spin coupling) can be written as the sum of zero-field 
and Zeeman terms, H=D(S?—(1/3)[S(S+1)]) + E(S;—S>) + 
&lpB-S, where D and E are zero-field splitting parameters, S= 1, Lg 
is the Bohr magneton and gis the electron g-factor (g = 2.0). Owing to 
the magnetic dipole interaction between the two unpaired electrons 
even at zero external magnetic field, the sublevels m, = 0 and m, = +1 
are separated (D = 2,870 MHz). Owing to symmetry, the m,= +1 
sublevels of the nitrogen-vacancy defect are degenerate at zero mag- 
netic field (E = 0), resulting in a single resonance line appearing in the 
ESR spectrum (Fig. 1f). An external magnetic field lifts the degeneracy 
of m, = +1, leading to the appearance of two lines. By measuring the 
positions of the ESR resonances @, and (3, it is possible to calculate 
the magnitude of the external field B according to (guB)* = 
(1/3)(w} +5 —@ a D*) E? (see Methods for details). 

From the above-mentioned relations, it can be seen that, when 
combined with nano-positioning instrumentation, the single spin 
associated with a nitrogen-vacancy defect can be used as an atom- 
sized scanning probe vector magnetometer. Similarly, when placed in 
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an inhomogeneous magnetic field with a known field gradient, the 
defect can be used as a magneto-optical spin marker for suboptical- 
wavelength tagged imaging. As a demonstration, two-dimensional 
spin imaging experiments were performed using a single nitrogen- 
vacancy centre and the highly inhomogeneous magnetic field pro- 
duced by the magnetic tip of an atomic force microscope (AFM). The 
experimental set-up is shown in Fig. 2a. A commercial AFM was 
combined with a confocal microscope. The magnetic probe, com- 
monly used in magnetic force microscopy, consists of a sharp silicon 
tip coated with 30 nm of magnetic material: the exact magnetic field 
profile of the cantilever is not known a priori, and must be deter- 
mined. For this, we have used our single-spin nitrogen-vacancy mag- 
netometer. The magnetic cantilever was first placed at a known 
distance from the diamond nanocrystal, and the magnetic field 
experienced by the single nitrogen-vacancy centre was recorded in 
steps (corresponding to several hundred nanometre displacements of 
the cantilever) by acquiring ESR spectra such as those in Fig. 1f at 
each location. The experimentally obtained data points were then 
fitted using a Lorentzian function, inferred from numerical simu- 
lation of the field created by the cantilever (Fig. 2b). This gives the 
magnetic field profile of the cantilever in one dimension. Similarly, 
the profile along an orthogonal axis is recorded to give the 
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Figure 1| Nitrogen-vacancy defect in diamond. a, Structure and energy 
level scheme of the nitrogen-vacancy (NV) defect in diamond. Optical 
pumping initializes the centre into the m, = 0 spin state via spin selective 
shelving into the metastable singlet state, 'A. This state decays preferentially 
into the m, = 0 sublevel of the ground state, leading to optically induced spin 
polarization (more than >90% at room temperature). ¢, d, Simultaneously 
acquired optical (c) and AFM (d) image of diamond nanocrystals containing 
single nitrogen-vacancy defects. e, Fluorescence autocorrelation function, 
confirming that the nanocrystal contains a single nitrogen-vacancy defect. 
The contrast of g’(z) at zero delay time scales as 1/N, where N is the number 
of emitters. f, Optically detected magnetic resonance spectra for a single 
nitrogen-vacancy defect at increasing magnetic field (from bottom to top). 
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two-dimensional profile as well as the exact position of the nitro- 
gen-vacancy centre. 

To visualize the resolving power of our gradient imaging tech- 
nique, the magnetic cantilever was scanned in the vicinity of a nano- 
crystal containing a_ single nitrogen-vacancy defect while 
simultaneously exciting with a fixed-frequency microwave field. 
When a confocal image is acquired, each point of the optical image 
corresponds to a well-defined magnetic field value (as measured in 
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Figure 2 | Gradient imaging with single spins. a, Two-dimensional imaging 
is achieved using a field gradient created by a magnetic cantilever. b, The 
experimental profile of the cantilever’s magnetic field for two orthogonal 
axes. The magnetic tip was placed at several points parallel to the blue lines, 
and the ESR spectra were measured. The calculated (fitted) magnetic field 
profile allows estimation of the location of the single nitrogen-vacancy 
centre (shown in the AFM topography). c, Two-dimensional magnetic 
resonance image of a single nitrogen-vacancy centre, showing resonance 
rings corresponding to a magnetic field of 3 mT (resonance frequency of 
2,780 MHz). Inset, an enlarged section of a ring with a width of 
approximately 5 nm. 
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the previous experiment). At particular positions (pixels) when the 
microwave frequency is resonant with the corresponding spin sub- 
level splitting, the fluorescence intensity is reduced. This results in a 
dark ring (Fig. 2), which marks a two-dimensional cut through the B 
field corresponding to a constant magnetic field projection along the 
nitrogen-vacancy quantization axis. The width of the rings is given by 
the magnetic resonance linewidth divided by the field gradient 
(80 uT nm~'). This ring width also defines the ultimate resolution 
limit of this technique for spin imaging. Rings with 5 nm width are 
observed, and shown in Fig. 2c inset. Note that this width is smaller 
than the sizes of both the magnetic tip and the diamond nanocrystal, 
and is only possible because a single nitrogen-vacancy centre is loca- 
lized to a fraction of a nanometre in the diamond lattice. The dark 
ring shown in Fig. 2c is only seen if simultaneously the nitrogen- 
vacancy axis is oriented vertically, and the magnetic field is radially 
symmetric. This special case was selected to simplify understanding 
of the technique. It is interesting to note that a vibrating cantilever 
(a.c. mode AFM was used in all the experiments) induces significant 
line broadening when the magnetic cantilever comes very close to the 
spin (see Supplementary Information). 

Being an atomic-sized non-perturbing magnetic field sensor, the 
single nitrogen-vacancy centre can be incorporated into the cantilever 
instead of a magnetic coating, and used as a scanning probe magneto- 
meter to achieve subwavelength imaging resolution. To demonstrate 
the feasibility of this approach, we attached a nanocrystal containing a 
single nitrogen-vacancy centre to the tip of a cantilever, and used it to 
profile the magnetic field produced by a nanometre-sized magnetic 
structure. Details of the set-up are shown in Fig. 3a. Microwaves are 
tuned into resonance with the nitrogen-vacancy spin at the tip of the 
cantilever (see Fig. 3b) for a particular magnetic field projection. 
Hence the resonance conditions in the vicinity of the magnetic nano- 
structures are satisfied along well-defined lines of constant B, where z 
is along the nitrogen-vacancy quantization axis. Figure 3c shows a 
magneto-optical image of a triangular magnetic structure obtained 
with a single nitrogen-vacancy defect as light source (as expected, the 
structure appears as a shadow in our detection geometry). The narrow 
dark line close to the corner represents spatial regions where the con- 
ditions for magnetic resonance of the nitrogen-vacancy centre on the 
tip are fulfilled (B, = 5 mT). Note that the image represents raw data 
acquired in just 4 minutes. The magnetic field resolution is given by 
the width of the dark lines, which are about 20 nm, multiplied by the 
magnetic field gradient of 25 tT nm! (measured by recording several 
resonance lines at different microwave frequencies, data not shown). 
It corresponds to a measurement resolution of 0.5 mT. The limiting 
factor here is oscillatory motion of the nanodiamond attached to the 
AFM tip (see Methods for details). 

The resolution could be significantly improved by phase locking of 
the detection system to the oscillatory motion of the cantilever, and 
using echo-based techniques with an echo period matched to a single 
oscillation period of the cantilever. This essentially corresponds to 
measuring a.c. instead of d.c. magnetic fields. The advantage of using 
echoes is that the effective ESR linewidth is narrower than the 
inhomogeneous linewidth”, and for a long spin phase memory time 
T> is effectively given by the AFM vibration frequency, which is 
100 kHz for standard AFM cantilevers. Hence we expect an improve- 
ment of field measurement accuracy by a factor of 150 (3 uT) using 
this technique. For the magnetic field gradient caused by the struc- 
ture imaged in Fig. 3c, this would correspond to subnanometre spa- 
tial resolution. 

Ultrasensitive magnetometry with single spins in diamond not only 
allows high spatial resolution imaging, but also might be applied to 
image single external spins under ambient conditions. Here the mag- 
netic sublevels of the nitrogen-vacancy centre are shifted by the mag- 
netic fields produced by (for example) other single electron or nuclear 
magnetic dipoles in nearby molecules. To show the feasibility of single 
electron and nuclear spin detection, we estimate the ultimate sensiti- 
vity limit of a scanning spin microscope based on nitrogen-vacancy 


650 


NATURE|Vol 455|2 October 2008 


centres in diamond. The magnetic field created by a single electron 
spin located at distance r from the nitrogen-vacancy spin is 
BYP = (4) u/4t) V3 cos? 0+ 1/r°, where is the single spin magnetic 
moment, and @ is the angle between the vector connecting the two 
spins and the vector of the external magnetic field. When we substitute 
= —(1/2)gep~10-2JT~!, and py /4n~10-7NA~?, a field of 
10 °T can be obtained for a distance between the electron and nitro- 
gen-vacancy spins of 5 nm. For the nitrogen-vacancy centre this gives 
up to 0.3 MHz of ESR frequency shift, which is within the projected 
detection limit for the single nitrogen-vacancy nanocrystals used in 
this demonstration. Imaging single nuclear spins is more challenging, 
as the lower nuclear magnetic moment results in fields three orders of 
magnitude lower (10° * T). This value corresponds to a kilohertz shift 
of the nitrogen-vacancy resonance. 

In general, the sensitivity of our nitrogen-vacancy magnetometer 
is determined by the linewidth of the ESR transition. Experiments 
presented here were carried out using continuous wave (c.w.) ESR 
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Figure 3 | Scanning probe magnetometry. a, Diagram of the magnetic field 
imaging experiment. A nanoscale magnetic particle (red) is imaged with a 
single nitrogen-vacancy defect (green, within the blue nanocrystal) fixed at 
the scanning probe tip (black). b, Optical image of a diamond nanocrystal 
attached to an AFM tip (view from the bottom). The scattered light image of 
the tip is overlapped with the fluorescence image of the nanocrystal. The 
bright spot (arrowed) represents fluorescence of a single nitrogen-vacancy 
defect. Fluorescence autocorrelation function (data not shown) shows a 
pronounced antibunching dip, indicating a single nitrogen-vacancy defect in 
the nanocrystal on the AFM tip. c, Field reconstruction using the scanning 
probe single spin magnetometer. Top left, an AFM image of a nickel 
magnetic nanostructure prepared by electron beam lithography; bottom left, 
a magneto-optical image of the same structure, recorded using a single 
nitrogen-vacancy centre on the AFM tip as light source and magnetometer. 
Inset (right), the fluorescence signal from the scanned nitrogen-vacancy 
centre attached to the apex of the AFM tip when resonant microwaves at 
2,750 MHz are applied (the arrowed point corresponds to 5 mT resonance 
line with the magnetic field tilted by 45° relative to the nitrogen-vacancy 
axis). 
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and technical grade diamonds. Hence the linewidth of the spin res- 
onance line (a few MHz) was limited by fast ({1s) decoherence and 
microwave-field-induced broadening. However, it was recently 
shown that the phase memory time for ultrapure diamond reaches 
one millisecond when echo-based techniques are used for detec- 
tion”. This corresponds to a linewidth of the order of 0.3 kHz. 
Taking this value, single nuclear spins can be detected at 5 nm dis- 
tance under ambient conditions”. As these spin linewidths were 
obtained under ambient conditions, this approach will potentially 
enable the use of nitrogen-vacancy defects in diamond nanocrystals 
as a probe for intracellular electron (and possibly nuclear) spin 
imaging. 


METHODS SUMMARY 


Magnetic imaging and magnetometry experiments were performed using a 
home-built scanning confocal microscope combined with an AFM (MFP-3D 
Asylum Research). Nitrogen-vacancy defects were excited with a frequency 
doubled c.w. Nd:YAG laser (Coherent Compass) focused on to the sample with 
a high NA objective (Olympus PlanAPO, NA = 1.35). Luminescence light was 
collected by the same objective and filtered from the excitation light using a 
dichroic beamsplitter (640 DCXR, Chroma) and long-pass filter (647 LP, 
Chroma). Photon counting of the filtered light was performed using two ava- 
lanche photodiodes (SPQR-14, Perkin-Elmer). Fluorescence autocorrelation 
histograms were recorded using a fast multichannel analyser (Fastcomtec, 
P7889). Optically detected magnetic resonance measurements were performed 
using a commercial microwave source (Rhode & Schwarz GmbH, SMIQ 03) 
amplified by a travelling wave tube amplifier (Hughes 8020H). Commercially 
available magnetic cantilevers (Team Nanotec) were used for generation of high 
magnetic field gradients. UV curing glue (Thorlabs) was used to attach diamond 
nanocrystals to the AFM tip for the scanning probe magnetometry. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Vector magnetometry using a single nitrogen-vacancy defect electron spin. 
The resonance frequencies of the m, = 0¢<++1 spin transitions of a spin-1 system 
allow one to extract the magnitude of the local magnetic field and, under some 
approximations, the angle between the magnetic field and the symmetry axis of 
the system. The spin Hamiltonian of an $= 1 system having a distorted C3, 
symmetry is given by the following expression: 


H=j1ggB-S + D(S2—S(S+1)/3) +2(S-S) 


where D and E are the zero-field splitting parameters, S= 1, jug is the Bohr 
magneton, g= 2 is the g-factor, and B is the external magnetic field. Imperfect 
axial symmetry is reflected by the asymmetry parameter E. These parameters 
unambiguously determine the natural local coordinate system, with the z axis 
being along the axis of the nitrogen-vacancy centre and x and y axes being along 
the principal axes of the distortion ellipsoid. In such a coordinate system, it is 
convenient to describe the magnetic field by its magnitude B and the two angles, 
0 (polar) and g (azimuthal). All parameters B, 0 and g can be obtained from 
analysis of the ESR spectrum. The positions of spin levels are given by the 
solutions of the characteristic equation: 


3 (PF pip B a) Di jra. 

x (3 + E* +B )s 5 (Dcos20 + 2Ecos2osin*0) - (4E° + B°) 4 0 
where [} = jipgB. Denoting the frequency of the S, = 0 state as xo, one finds that 
the positions of the S, = +1 states are given by x+ = Xp + Vox, where vo+ are the 
experimentally measured frequencies of 0¢++1 spin transitions. Since x1 must 
satisfy the above-mentioned equation, it is possible to obtain three equations for 
the four unknowns (x9, B, 0 and @), two of which, 0 and g, form a unique 
combination A = Dcos20 + 2Ecos2gsin’0. This set of equations gives the fol- 
lowing solutions for f and A: 


1 
p= . (vj +v3-v1v2-D’) —E’, 


7D? +2(v; +2) (2(v? +3) —5v1¥2 —9E”) —3D(vi +¥3 —v1 v2 + 9E*) 
o(vF +5 —V1V2 —p —3E?) 


Since for nitrogen-vacancy centres D> E, A ~ Dcos20. Thus, knowing the zero- 
field splitting parameters and the frequencies of the 009+ 1 ESR resonances, one 
can find B and 0. The solution of the inverse problem of finding the two ESR 
frequencies given the known Band 0 is presented in Supplementary Information. 
Modelling the magnetic field of the cantilever. The magnetic field of a tip 
having a ferromagnetic coating was simulated in the following manner. The 
surface of the tip is assumed to be an axially symmetric cone with a round apex. 
It can be simulated by the following simple analytical formula: 


h=rtanh mis 
21 

where h is the height of the surface point above the apex, ris the radial coord- 
inate, and ro is the curvature radius of the rounded apex of the tip. It is assumed 
that the tip surface is covered with a thin layer of ferromagnetic material. The 
magnetic field produced by an infinitely small element of the surface was 
approximated as that of a magnetic dipole. The magnetization of the surface is 
assumed to be uniform and the direction of the magnetization of each surface 
element assumed the same. The contributions of all surface elements were then 
integrated over the surface of the tip. We are interested in the magnetic field in a 
plane somewhat below the tip apex and perpendicular to the tip axis. In the 
simplest case of the magnetization pointing along the tip axis, the magnetic field 
has only radial and axial components. The typical result of a simulation is shown 
in Supplementary Information. It justifies the Lorentzian field distribution 
model used to find the two-dimensional position of the nitrogen-vacancy centre. 
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Thresholds for Cenozoic bipolar glaciation 


Robert M. DeConto’, David Pollard’, Paul A. Wilson’, Heiko Palike®, Caroline H. Lear* & Mark Pagani” 


The long-standing view of Earth’s Cenozoic glacial history calls for 
the first continental-scale glaciation of Antarctica in the earliest 
Oligocene epoch (~33.6 million years ago’), followed by the onset 
of northern-hemispheric glacial cycles in the late Pliocene epoch, 
about 31 million years later’. The pivotal early Oligocene event is 
characterized by a rapid shift of 1.5 parts per thousand in deep-sea 
benthic oxygen-isotope values’ (Oi-1) within a few hundred thou- 
sand years’, reflecting a combination of terrestrial ice growth and 
deep-sea cooling. The apparent absence of contemporaneous cool- 
ing in deep-sea Mg/Ca records**, however, has been argued to 
reflect the growth of more ice than can be accommodated on 
Antarctica; this, combined with new evidence of continental cool- 
ing’ and ice-rafted debris*” in the Northern Hemisphere during 
this period, raises the possibility that Oi-1 represents a precursory 
bipolar glaciation. Here we test this hypothesis using an isotope- 
capable global climate/ice-sheet model that accommodates both 
the long-term decline of Cenozoic atmospheric CO, levels'’®" and 
the effects of orbital forcing’. We show that the CO, threshold 
below which glaciation occurs in the Northern Hemisphere 
(~280 p.p.m.v.) is much lower than that for Antarctica 
(~750 p.p.m.v.). Therefore, the growth of ice sheets in the 
Northern Hemisphere immediately following Antarctic glaciation 
would have required rapid CO, drawdown within the Oi-1 time- 
frame, to levels lower than those estimated by geochemical pro- 
xies’®" and carbon-cycle models'*™. Instead of bipolar glaciation, 
we find that Oi-1 is best explained by Antarctic glaciation alone, 
combined with deep-sea cooling of up to 4°C and Antarctic ice 
that is less isotopically depleted (—30 to —35%o) than previously 
suggested’*"®. Proxy CO, estimates remain above our model’s 
northern-hemispheric glaciation threshold of ~280 p.p.m.v. until 
~25 Myr ago, but have been near or below that level ever since’™"’. 
This implies that episodic northern-hemispheric ice sheets have 
been possible some 20 million years earlier than currently 
assumed (although still much later than Oi-1) and could explain 
some of the variability in Miocene sea-level records’””*. 

Evidence for the onset of Antarctic glaciation comes from a com- 
bination of marine geochemical and sea-level records*'””°, and more 
direct records of ice-rafted debris and glaciomarine sediments from 
around the Antarctic margin’. Proposed mechanisms include the 
opening of Southern Ocean gateways*', mountain uplift and orbital 
forcing”; however, recent modelling studies implicate low atmo- 
spheric CO, as the most important factor”. The growth of ice sheets 
in the Northern Hemisphere is thought to have begun much later 
than in Antarctica, beginning on southern Greenland in the late 
Miocene or early Pliocene”’ and culminating with the onset of major 
glacial cycles around 2.7-3.0 Myr ago’. Atmospheric CO, is also con- 
sidered a critical factor for Northern Hemispheric glaciation, perhaps 
with additional influence from ocean gateways and mountain 
uplift**. The recent discovery of much older Eocene, Oligocene and 
Miocene ice-rafted debris in the Greenland Sea*” and Arctic Ocean” 


has called this long-standing view of Earth history into question, 
although the amount of Northern Hemispheric ice responsible for 
these sediments remains controversial. 

Our current understanding of cryospheric evolution comes largely 
from marine oxygen isotope”® and Mg/Ca records”® from foramini- 
feral calcite, and stratigraphic sea-level records from passive conti- 
nental margins'®*°. Benthic isotope records reflect the combined 
effects of ice volume and ocean temperature, and in principle Mg/ 
Ca ratios provide an independent record of temperature. These data 
can be combined to deconvolve the ice-volume component of the 
isotope records, which show a number of sudden and large (>1%bo) 
shifts and excursions throughout the Cenozoic (for example, the Oi 
and Mi events)*. These shifts are thought to represent Antarctic 
glaciation events because direct evidence for significant northern- 
hemispheric ice is lacking before ~3.0 Myr ago. The stepwise shift 
in benthic 5'*O in the earliest Oligocene (Oi-1) is the largest in the 
Cenozoic. As shown in a highly resolved record from Ocean Drilling 
Program site 1218 in the eastern tropical Pacific*, the event began 
around 34 Myr ago, during a minimum in the 1.2-Myr obliquity cycle 
producing a long interval of low seasonality (Fig. 1). This observation 
is in good agreement with time-continuous simulations from a com- 
bined general circulation model (GCM)/ice-sheet model accounting 
for gradual Cenozoic CO) decline and idealized orbital forcing’. In 
these simulations an Antarctic ice sheet grows suddenly once CO, 
reaches a critical threshold value around 2.8 to 2.6 times the ‘pre- 
industrial’ atmospheric level (PAL, taken to be 280 p.p.m.v., attain- 
ing a volume (21 X 10°km*) comparable to the modern East 
Antarctic ice sheet. The simulated ice sheet expands in two rapid 
jumps in response to height/mass-balance and albedo feedbacks 
initiated when snowlines intersect high plateaux during orbital per- 
iods producing cold austral summers”. The simulation bears a strik- 
ing resemblance to the form of the site 1218 record*, which shows a 
two-step shift in oxygen isotopes separated by ~200 kyr, with each 
step occurring within one 41-kyr obliquity cycle (Fig. 1). 

The problem lies in the magnitude of the isotope shift, which, if 
taken as the total change in benthic 5'*O from the latest Eocene to the 
peak of Oi-1, is ~1.5%o. Assuming that the isotopic composition of 
Palaeogene Antarctic ice was similar to today (—45 to —57%o for 
West and East Antarctica, respectively’’), and ignoring changes in 
deep-sea temperature, the implied increase in ice volume is 
~40 X 10°km? or ~100 m of equivalent sea level. This is 135% of 
modern Antarctic ice volume and nearly twice the volume of the 
simulated Oi-1 ice sheet”. If the isotopic composition of precipita- 
tion falling on a warmer and thinner Oligocene ice sheet were less 
depleted than today as suggested previously*”’, the missing ice- 
volume problem would be greatly exacerbated. 

To test the hypothesis that ancient ice on a warmer Antarctica was 
isotopically less depleted than today, we ran a set of oxygen-isotope 
simulations spanning the Eocene/Oligocene climate transition, using 
an isotope tracer-capable version”® of the same GCM used in our prior 
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simulations of Oi-1 (ref. 22; see Methods). Our results indicate that 
the first ice to accumulate in the earliest Oligocene would have had an 
isotopic composition of —20%0 to —25%0 (SMOW), becoming more 
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Figure 1| Changes in the isotopic composition of the ocean across the 
Eocene/Oligocene transition. Isotopic, orbital and model time series are 
shown on the same astronomically tuned timescale*, with the simulated and 
observed stepwise timing of glaciation aligned (dashed lines) for 
comparison. a, The simulated change in mean ocean 8'°Oy, 

(3'80 = [('80/'°O) ampte/('2O/"°O) standard] — 1, where standard is SMOW) 
from coupled GCM/ice-sheet simulations assuming the isotopic 
composition of ice is —35%po. Red bars at left show the relative contributions 
from Antarctic ice (light red) and from deep-sea cooling and/or Northern 
Hemisphere ice (dark red). The thin red line shows a prior simulation” 
ignoring Northern Hemisphere ice and assuming a continuous decline in 
CO >. Carbon dioxide levels (top x axis) are the average of two simulations 
assuming open and closed Southern Ocean gateways”. A second scheme 
accounting for Northern Hemisphere ice sheets and rapidly decreasing CO, 
beginning after Antarctic glaciation is shown by the thick red line, with red 
dots corresponding to the added effect of the ice shown in Fig. 3. b, High- 
resolution benthic '*O data from Ocean Drilling Program site 1218 (ref. 4). 
c, Orbital parameters” include filtered and normalized eccentricity values 
for 110-kyr and 405-kyr periodicities (black lines) and the long-term 
envelope for the 110 kyr (red line). The initial step in Antarctic ice growth 
corresponds to low obliquity variance (green bar) and the second main step 
occurs during an interval of reduced summer insolation at high latitudes 
(yellow bar) as assumed in our Northern Hemisphere simulations. 
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negative as the ice sheet grew, but not exceeding —42%o, even on the 
highest ice elevations (Fig. 2). The average isotopic composition of 
precipitation in the accumulation zone of the fully developed earliest 
Oligocene ice sheet is —30 to —35%o. In the absence of deep-sea 
cooling, Oi-1 would require the growth of ~65 X 10°km’ of ice 
(160m equivalent sea level), far in excess of the holding capacity of 
a warmer Antarctic continent (see Methods and Supplementary 
Information). 

To test the possibility that Oi-1 includes a contribution from 
northern-hemispheric ice sheets, we ran a series of 30-kyr simula- 
tions using a GCM/ice-sheet model'*”’, developed specifically for 
simulating the time-continuous evolution of climate and ice sheets 
over long timescales. The simulations used an earliest Oligocene 
palaeogeography, with an Antarctic ice sheet already in place”. 
Orbital values were initialized with a favourable but reasonable con- 
figuration for northern-hemispheric glaciation, with some experi- 
ments updated every 10kyr to account for subsequent orbital 
variations (see Methods). The initial cold boreal summer orbit (well 
within the range that occur on Cenozoic timescales'*) was chosen to 
constrain the highest level of CO, that would allow Northern 
Hemisphere glaciation, given the position and topography of 
Oligocene continents. Atmospheric CO, was lowered by 0.5 X PAL 
in each successive simulation beginning with a starting value of 
2.5 X PAL, just below the model’s Antarctic CO2-glaciation thresh- 
old. To substantiate our results in light of poorly constrained geo- 
graphical boundary conditions, the entire sequence was repeated 
with most Northern Hemisphere continental elevations reduced by 
50% (see Supplementary Information). 

Simulated ice sheets, total ice volumes and associated changes in 
the mean isotopic composition of the ocean are shown in Figs 1 and 
3, and in Supplementary Information. At relatively high levels of CO, 
near the Antarctic glaciation threshold, small ice caps form on the 
highest elevations of western North America, northeast Asia, East 
Greenland and other locations where prevailing storm tracks inter- 
sect coastlines with steep relief. Despite the initial prescription of a 
favourable cool summer orbit, the onset of major glaciation does not 
occur until CO, reaches pre-industrial levels (280 p.p.m.v.), with the 
largest continental ice sheet forming on Greenland because of its 
broad plateau and moist maritime climate. In simulations using 
lower topography (see Supplementary Information), major gla- 
ciation is delayed until CO, drops below 180 p.p.m.v. Assuming that 
simulated northern-hemispheric ice sheets had an average isotopic 
composition similar to modern Greenland ice (—35%o)”’, they would 
have enriched mean ocean 8'°O,, by nearly 0.8%o. This, in addition to 
Antarctica’s model-derived contribution of 0.5%b (Fig. 1), could pro- 
duce most of the observed shift at Oi-1 without invoking deep-sea 
cooling; but this would only be possible if atmospheric CO fell to 
pre-industrial levels or below (Fig. 4). 

In a situation of decreasing Cenozoic CO,, our model first pro- 
duces small isolated ice caps in the Antarctic interior during cold 
austral summer orbits at CO, levels as high as 6 X PAL (ref. 22), 
but major Antarctic glaciation does not occur until CO, reaches 
~2.7 X PAL. In the Northern Hemisphere, small ice caps appear 
on eastern Greenland and the highest elevations of the surrounding 
continents over a broad range of CO; (Fig. 3), but major glaciation 
only occurs when CO, falls near or below 1 X PAL. The lower CO, 
threshold for the large Northern Hemisphere continents is due to 
their greater seasonality, lower latitudes and consequently warmer 
summers. Most proxy-based estimates for late Eocene to middle 
Oligocene CO, range between 500 and 1,200 p.p.m.v. (ref. 10), well 
above our simulated Northern Hemisphere glaciation threshold 
(Fig. 4). Our results are consistent with the recent discovery of 
Eocene and Oligocene ice-rafted debris in the Greenland Sea* 
(Fig. 3a, b), but at these relatively high levels of CO, they support a 
picture of small isolated ice caps and alpine outlet glaciers as the 
source rather than continental-scale ice sheets as recently suggested’. 
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Figure 2 | Simulated isotopic composition of snowfall on a glaciating 
Antarctic continent. a, Austral winter (June, July, August) isotopic averages 
(%o) onan ice-free Antarctica at 3 X PAL, just above the glaciation threshold. 
The austral winter average is shown for the 3 X PAL case because most 
summer precipitation in the ice-free case is rain. b, Annual mean isotopic 


a 2.5 x PAL 


NATURE|Vol 455|2 October 2008 


© 2x PAL annual 


composition of precipitation at 2.5 X PAL and with an intermediate ice sheet 
(black outlines in continental interior). ¢, Same as b except with 2 x PAL and 
a fully developed early Oligocene East Antarctic ice sheet. Intermediate and 
fully glaciated ice-sheet geometries in b and ¢ (extent and surface elevations) 
are taken from simulations in ref. 22. 
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Figure 3 | Simulations of Northern Hemisphere ice sheets for progressively 
lower values of CO2. Simulations are for earliest Oligocene palaeogeography 
and favourable cold boreal summer orbit, and are made with a coupled 
GCM/ice-sheet model. Ice thicknesses are shown in metres, with 
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corresponding total Northern Hemisphere ice volumes (10° km*) above the 
right corner of each panel. Palaeogeographical boundary conditions and an 
alternative set of simulations with continental elevations reduced by 50% are 
shown in the Supplementary Information. 
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For major bipolar glaciation to have occurred at Oi-1, CO2 would 
first have to cross the Antarctic glaciation threshold (~750 p.p.m.v.) 
and then fall more than 400 p.p.m.v. within ~200 kyr to reach the 
Northern Hemisphere threshold (Fig. 4). Increased sea ice and 
upwelling in the Southern Ocean’*”’ and falling sea level’* could have 
acted as feedbacks accelerating CO2 drawdown at the time of Oi-1. 
This is supported by CO, proxy records and carbon-cycle model 
results showing a drop in CO; across the Eocene/Oligocene trans- 
ition'®!*'4, but none of these reconstructions reach the low levels 
required for Northern Hemisphere glaciation. We therefore conclude 
that major bipolar glaciation at the Eocene/Oligocene transition is 
unlikely, and Mg/Ca-based estimates of deep-sea temperatures across 
the boundary’ are unreliable. Our findings lend support to the hypo- 
thesis that the 1-km deepening of the carbonate compensation depth 
and the associated carbonate ion effect on deep-water calcite mask a 
cooling signal in the Mg/Ca records*”. Therefore, the observed iso- 
tope shift at Oi-1 is best explained by Antarctic glaciation” accom- 
panied by 4.0 °C of cooling in the deep sea or slightly less (~3.3 °C) if 
there was additional ice growth on West Antarctica (see Methods and 
Supplementary Information). This explanation is in better agree- 
ment with sequence stratigraphic estimates of sea-level fall at Oi-1 
(70 + 20m)'?”° equivalent to 70-120% of modern Antarctic ice 
volume, and coupled GCM/ice-sheet simulations showing 2-5 °C 
cooling and expanding sea ice in the Southern Ocean in response 
to Antarctic glaciation”. Additional support for ocean cooling is 
provided by new records from Tanzania'® and the Gulf of 
Mexico'’, where Mg/Ca temperature estimates show ~2.5 °C cooling 
in shallow, continental shelf settings during the first step of the 
Eocene/Oligocene transition. 

Insummary, our model results show that the Northern Hemisphere 
contained glaciers and small, isolated ice caps in high elevations 
through much of the Cenozoic, especially during favourable orbital 
periods (Fig. 3a—c). However, major continental-scale Northern 
Hemisphere glaciation at or before the Oi-1 event (33.6 Myr) is 
unlikely, in keeping with recently published high-resolution Eocene 
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Figure 4 | Model-generated CO, thresholds for Antarctic and Northern 
Hemisphere glaciation superposed on a Cenozoic record of atmospheric 
CO. The CO, record is taken from stable carbon isotopic values of di- 
unsaturated alkenones’’. The dashed line represents a lowermost limit, 
assuming 5'8O-derived temperatures used in the calculation of CO, partial 
pressure are accurate, and the lower and upper bounds of the shaded (grey) 
area assume temperatures are 3 °C and 6 °C warmer, respectively. The blue 
arrow shows the drop in CO, required for Northern Hemisphere glaciation 
at Oi-1. The blue shading shows the range of uncertainty based on alternate 
Northern Hemisphere simulations with lower continental elevations (see 
text and Supplementary Information). 
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isotope records”. Proxy reconstructions of Cenozoic carbon diox- 
ide’? remain well above our model’s threshold for Northern 
Hemisphere glaciation until around the Oligocene/Miocene boun- 
dary. Since that time, transient Northern Hemisphere ice sheets could 
have grown during favourable orbital periods and may help to account 
for the magnitude of Neogene isotope and sea-level variability’” 
despite pronounced hysteresis in Antarctic ice-sheet dynamics"®. 
The first major event to be considered in this context is Mi-1 
(~23.1 Myr ago)’, an ephemeral 200-kyr isotopic excursion similar 
in magnitude to Oi-1 and coeval with a prolonged interval of low 
obliquity variance*® favourable for ice-sheet development. Although 
no definitive evidence of widespread northern-hemispheric glaciation 
exists before ~2.7 Myr ago, pre-Pliocene records from subsequently 
glaciated high northern latitudes are generally lacking. More highly 
resolved CO, records focusing on specific events, along with addi- 
tional geological information from high northern latitudes, will help 
to unravel the Cenozoic evolution of the cryosphere. According to 
these results, this evolution may have included an episodic northern- 
hemispheric ice component for the past 23 million years. 


METHODS SUMMARY 


The GCM and thermomechanical ice-sheet models are interactively coupled, 
whereby net annual surface mass balance on the ice sheet is calculated from 
monthly mean GCM meteorological fields of temperature and precipitation 
horizontally interpolated to the higher-resolution ice-sheet grid. Simulations 
in Fig. 3 were run to equilibrium (30 kyr) using a cold boreal summer orbit with 
high eccentricity (0.05), low obliquity (22.5°) and precession placing aphelion in 
July. The simulations producing large ice sheets (Fig. 3d, h) were repeated in 
asynchronous coupled mode” accounting for climate—ice feedbacks and time- 
continuous orbital forcing to confirm that the fixed-orbit results in Fig. 3 are 
representative of those with orbital variations. 

A modified version of the ice-sheet model accounting for floating ice shelves 
and migrating grounding lines was used to determine the potential for additional 
ice growth over West Antarctica at Oi-1. In this model version, the buttressing 
effect of an expanding proto-Ross ice shelf assists the growth of some additional 
ice, but only if ocean temperatures (and sub-ice melt rates) are assumed to be 
similar to modern (see Supplementary Fig. 1). 

Ice volumes simulated by the ice-sheet model are converted to eustatic sea 
level according to the global ocean-area fraction in our 34 Myr palaeogeography 
(0.731). Equivalent A5'%O,, (change in the average isotopic composition of the 
ocean) reflects either assumed isotopic ice compositions mentioned in the text, 
or those derived from the simulated isotopic composition of precipitation falling 
on the ice sheets using the stable isotope physics described previously”. In these 
calculations, the isotopic composition of the ocean was given a uniform global 
value of —1.2%o, consistent with ice-free conditions at the beginning of the 
experiment. With Antarctic ice at —35%0, Ad'*O,, is 0.0246 per 10°km?* of 
grounded ice. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Global climate/ice-sheet model. The GCM and ice-sheet components of our 
model are the same as those used in prior simulations of Antarctic glaciation'*”’, 
allowing interhemispheric comparisons of glaciation potential at different levels of 
atmospheric CO}. The horizontal resolution of the atmospheric component of the 
GCM is T31 (~3.75° by ~3.75°) with 18 vertical layers. Surface models including a 
50-m slab ocean, dynamic—thermodynamic sea ice, and multi-layer models of 
snow, soil and vegetation are on a finer 2° X 2° grid. The GCM is coupled to a 
thermomechanical ice-sheet model. The ice model grid over Antarctica is polar 
stereographic with a resolution of 40 km by 40 km, and 1° latitude by 1° longitude 
over the Northern Hemisphere continents. Ice-sheet evolution is driven by surface 
mass balance forcing from the GCM. Terrestrial ice flow is modelled using the 
shallow ice approximation, while accounting for internal ice temperatures, basal 
sliding, bedrock isostatic relaxation and lithospheric flexure. 

Monthly mean meteorological fields (temperature and precipitation) used in 
the calculation of net-annual surface mass balance are horizontally interpolated 
from the GCM to the higher-resolution ice-sheet grids, using a lapse-rate adjust- 
ment to account for local topographic offsets between model components. A 
positive degree-day parameterization with an imposed diurnal cycle is used to 
calculate ablation while accounting for refreezing of meltwater. Mass balance is 
re-calculated every 200 model years to account for evolving surface elevations. 

All simulations in Fig. 3 were run to equilibrium using a cold boreal summer 
orbit with high eccentricity (0.05) and low obliquity (22.5°), with the longitude 
of precession placing aphelion in July. Simulations producing large ice sheets 
were repeated in asynchronous coupled mode, with the GCM rerun every 10,000 
ice-model years to account for changing albedo, topography and evolving orbital 
parameters (see Supplementary Information Fig. 4). This was done to confirm 
that summer warming during unfavourable phases of the precession cycle was 
insufficient to stop the onset of glaciation initiated during a cold boreal summer 
orbit, and that the results shown in Fig. 3 are representative of those with orbital 
variations. Although the CO,-glaciation thresholds shown here are model- 
dependent, the GCM’s sensitivity to 2 X PAL (2.5 °C) is average among models 
used in future and palaeoclimate modelling studies, and the use of a different 
atmospheric component with similar CO, sensitivity is expected to produce 
similar results. 

The Oi-1 Antarctic glaciation experiment” was repeated using a modified 
version of the ice-sheet model with extensions accounting for floating ice shelves 
and migrating grounding lines*' to determine the potential for additional ice 
growth over West Antarctica. In this model, a combined set of scaled equations 
for sheet and shelf flow accounts for both horizontal shear (@u/0z) and stretching 
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(6u/0x) dominant in grounded and floating ice, respectively. In this simulation, 
the buttressing effect of an expanding proto-Ross ice shelf aids the growth of 
additional West Antarctic ice. If ocean temperatures and sub-ice melt rates are 
assumed to be similar to modern, our model builds only an additional 
7.5 X 10° km? of ice on West Antarctica (Supplementary Information Fig. 1), 
not enough to ameliorate the Oi-1 amplitude problem significantly. Further 
expansion of grounding lines to the continental shelf as occurred at the Last 
Glacial Maximum” is unlikely, owing to warmer conditions in the early 
Oligocene. Equilibrium ice-free bedrock elevations for the model are obtained 
from modern observed bathymetry”, isostatically rebounded with modern ice 
removed. If West Antarctic bedrock elevations were higher in the early 
Oligocene** with more land area above sea level and shallower continental 
shelves, this could have allowed somewhat greater amounts of early West 
Antarctic ice than in Supplementary Information Fig. 1, which in turn would 
require less ocean cooling to explain the magnitude of Oi-1. 

Water isotopes. The water isotope tracer model”® passively tracks the hydro- 
logical cycle in the GCM atmosphere and applies relevant fractionation physics 
during phase transitions. The model considers 'H'*O and 'HD'°O and 
accounts for evaporative, condensational and post-condensational processes. 
Reservoir effects are differentiated over ocean, land (vegetation) and ice sheets. 
In the case of our Palaeogene Antarctic glaciation experiments, the isotopic 
composition of the ocean was given a uniform global value of —1.2%o. In modern 
control simulations”, the seasonal and spatial distribution of 5'$O of precipita- 
tion generated by the model is close to observed values, except in the highest 
elevations of the Antarctic interior, where, as in most GCMs, model surface 
temperatures are warmer than observed and the 8'*O of precipitation is 
5—10%0 too heavy. This bias is not relevant for the initially ice-free conditions 
and smaller ice sheets in the Palaeogene simulations, because of their lower 
topography and warmer temperatures than modern. 
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Crystallographic preferred orientation of akimotoite 
and seismic anisotropy of Tonga slab 


Rei Shiraishi’, Eiji Ohtani’, Kyuichi Kanagawa’, Akira Shimojuku'* & Dapeng Zhao” 


The mineral akimotoite, ilmenite-structured MgSiO3, exists at the 
bottom of the Earth’s mantle transition zone and within the 
uppermost lower mantle, especially under low-temperature con- 
ditions'. Akimotoite is thought to be a major constituent of the 
harzburgite layer of subducting slabs, and the most anisotropic 
mineral in the mantle transition zone’ *. It has been predicted that 
if akimotoite crystals are preferentially oriented by plastic 
deformation, a cold subducted slab would be extremely aniso- 
tropic’. However, there have been no studies of crystallographic 
preferred orientations and very few reports of plastic deformation 
experiments for MgSiO,; ilmenite. Here we present plastic 
deformation experiments on polycrystalline akimotoite, which 
were conducted at confining pressures of 20-22 GPa and tempera- 
tures of 1,000—1,300 °C. We found a change in crystallographic 
preferred orientation pattern of akimotoite with temperature, 
where the c-axis maximum parallel to the compression direction 
develops at high temperature, whereas the c axes are preferentially 
oriented parallel to the shear direction or perpendicular to the 
compression direction at lower temperature. The previously 
reported difference in compressional-wave seismic anisotropy 
between the northern and southern segments of the Tonga slab 
at depths of the mantle transition zone® can conceivably be attrib- 
uted to the difference in the crystallographic preferred orientation 
pattern of akimotoite at varying temperature within the slab. 

A polycrystalline akimotoite used for the present deformation 
experiments was synthesized at high pressure and temperature with 
a Kawai-type multi-anvil apparatus at Tohoku University. The syn- 
thesized polycrystalline akimotoite was confirmed to have no crys- 
tallographic preferred orientation (CPO). 

The akimotoite specimen was then deformed by either uniaxial 
compression or simple shear geometry at high pressures and tem- 
peratures with the Kawai-type multi-anvil apparatus. The experi- 
mental conditions and results are given in Table 1. 

We performed two types of experiment (types I and I]; Table 1). In 
both type I and type II experiments, pressure was increased at room 
temperature, and temperature was then increased at the desired 


Table 1| Summary of experimental conditions and results 


pressure. In type I experiments the sample was annealed for either 
10 or 60 min, and then quenched. In type II experiments the sample 
was further deformed by slightly increasing the pressure, and then 
quenched. Two blank experiments were also conducted: a cold- 
compression experiment (DIO1) and a non-annealing experiment 
(DI08). In run DIO1, pressure was increased and then decompressed 
immediately. In run DI08, temperature was increased quickly (over 
about 10 min) to 1,200 °C after increasing the pressure, and the sam- 
ple was subsequently quenched without annealing. 

Recovered samples were cut in half parallel to the compression 
direction. Thin sections were then prepared and were polished with 
a colloidal silica suspension. A thin (~10 nm) coating of carbon was 
applied to decrease specimen charging. In each sample, the crystal- 
lographic orientations of 166-271 akimotoite grains were deter- 
mined by the electron backscatter diffraction (EBSD) technique’ 
(Table 1). 

The change in sample thickness revealed the total compressional 
strains of samples deformed by uniaxial compression. The shear 
strain of specimen DI07 was calculated from the axial displacement 
of the pistons. The total compressional strains were 0.1—0.3. DIO7 was 
deformed to a shear strain of 0.6. The microstructures and grain sizes 
(~10 ttm) of samples, except specimen DIO07, were similar. The grain 
size of DIO7 was about 5 tum, slightly smaller than the other samples. 

Equal-area lower-hemisphere projections of akimotoite <1120>, 
<1010> and [0001] directions in the samples, deformed at 1,000- 
1,300 °C, are given in Fig. 1, where the compression and shear direc- 
tions are shown by black arrows. Deformed polycrystalline MgSiO; 
akimotoite at 1,200-1,300 °C (Fig. la—c) has a CPO characterized by 
a strong c-axis maximum subparallel to the compression direction, 
and <1120> and <1010> axis girdles normal to the compression 
direction. This CPO suggests a dominant slip system with glide on 
(0001), which is in good agreement with the observation® that the 
dominant slip system in experimentally deformed akimotoite is 1/3 
<1120> (0001). In addition, the basal glide on (0001) was reported 
in some analogue of akimotoite, such as the trigonal structure of 
ilmenite’. In specimens deformed at 1,000 °C (Fig. 1d, e), the c axes 


Run no. Pressure (GPa) P-T path* Assembly Temperature (°C) Heating Compressional Shear Grain size (uum) CPO 
duration (min) strain strain 
DIO1 214 - Compression - - 0.16 - 74 Random 
DIO2 21.1 Type | Compression ,200 60 0.09 - 8.0 (0001) Lo, 
DIO3 20.0-20.5 Type ll Compression 300 140 0.09 = Le (0001) Lo, 
DIO4 21.1 Type | Compression ,200 10 0.14 - 10.0 (0001) Lo, 
DIO6 22.2-222.5 Type ll Compression ,000 160 0.29 = 8.2 [0001] Loy 
DIO7 22,2 Type | Shear ,000 60 - 0.61 5.8 [0001] | SD 
DIO8& 21.1 - Compression ,200 0 0.14 - 8.0 Random 
* We examined two types of pressure — temperature (P-T) path. In type | experiments, samples were annealed under the target conditions and then quenched. In type I experiments, the sample was 
urther deformed by increasing the pressure slightly. L a, perpendicular to the compression direction; | |SD, parallel to the shear direction. 
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Chiba 263-8522, Japan. “Department of Earth and Planetary Sciences, Faculty of Sciences, Kyushu University, Fukuoka 812-8581, Japan. 


657 


©2008 Macmillan Publishers Limited. All rights reserved 


LETTERS 


are preferentially orientated parallel to the shear direction or perpen- 
dicular to the compression direction. The CPO of the sample 
deformed in uniaxial compression is not axially symmetric, suggest- 
ing a deviation of its deformation from uniaxial geometry. The tex- 
ture of the sample deformed in simple shear (DI07) is axially 
symmetric about the shear direction. Both <1120> and <1010> 
axes spread along a girdle around the c-axis maximum. This CPO 
therefore suggests the dominance of slip in the [0001] direction on 
multiple planes. In contrast, no clear CPO was developed in the 
sample deformed at room temperature (DI01) or in the non-anneal- 
ing sample (DI08). From these blank tests, the CPOs observed in 
samples DI02—DI07 are considered to have developed during the 
plastic deformation at the target pressures and temperatures. 

In addition, there is no difference in CPO pattern resulting from 
the difference between the P-T paths in the type I and type II experi- 
ments, judging from the fact that the CPO pattern of DI02 is the same 
as that of DI03. 

Thus, observed akimotoite CPOs and inferred dominant slip sys- 
tems differ in their deformation temperatures. Slip in the [0001] 
direction is probably dominant at a lower temperature (1,000 °C), 
whereas the basal glide on (0001) becomes dominant at higher tem- 
peratures (1,200-1,300 °C). The fabric transition occurs at about 
1,100 °C. Fabric transitions with increasing temperature are also 
reported in other minerals such as quartz'®’’ and olivine’*’. For 
wet quartz it has been reported"® that there is a possible transition 
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Figure 1| Equal-area projections of pole figures for <1120>, <1010> 
and [0001] directions of akimotoite in all samples. a, DI02 

(T = 1,200 °C; n = 271); b, DIO3 (T = 1,300 °C; n = 197); ¢, D104 

(T = 1,200 °C; n = 220); d, DIO7 (T = 1,000 °C; n = 166); e, DI06 

(T = 1,000 °C; n = 216); n is the number of grains measured. The 
projections are coloured according to the density of data points and are 
contoured at multiples of uniform distribution as shown in the scale at the 
bottom right. The north-south direction corresponds to the compression 
direction in a—c and e, and to the shear-plane normal direction in d. Pairs of 
bold arrows represent the compression direction or the shear direction. 
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from <1120> (0001) to [0001]{1120} with increasing temperature. 
This observation is similar to that of akimotoite observed in this 
study. 

We calculated seismic wave velocities from the akimotoite CPO 
data to examine the relationship between akimotoite CPO and seis- 
mic anisotropy. We used the elastic constants and density of akimo- 
toite under the mantle transition zone conditions determined 
previously* with the molecular dynamic approach. The Voigt— 
Reuss—Hill average was used to calculate the seismic anisotropy. 
We used the program Anis2k (ref. 17) to calculate bulk elastic con- 
stants C;; from the CPO data, as well as P-wave velocities. For the 
CPO data of D103 and D106 deformed in uniaxial compression, we 
randomly rotated the orientation data about the compression axis 
five times and used all rotated data for the following calculation, to 
decrease the deviations of those CPO data from uniaxial symmetry. 
Single-crystal akimotoite has a Vp anisotropy of 14.4%, which is 
shown in Fig. 2a. The results calculated from the CPO data for three 
representative samples (DI03, D106 and DI07) are shown in Fig. 2b—d. 

For the sample deformed at a higher temperature (DI03), the Vp 
anisotropy is 3.0%. In the sample deformed at a lower temperature, 
the Vp anisotropy of the compression experiment (D106) and the 
simple shear experiment (DI07) are 1.0% and 4.3%, respectively. 
As regards other mantle transition-zone minerals, it has been 
reported’* that the Vp anisotropies of 60% wadsleyite and 40% garnet 
deformed to shear strains of 1.0 and 0.5 are 2% and 1%, respectively. 
Although there are no CPO data for the other mantle transition-zone 
minerals, the anisotropy of a rock composed of 100% akimotoite is at 
least fourfold to fivefold that of a rock composed of 60% wadsleyite 
and 40% garnet. Akimotoite therefore has a much greater effect on 
the seismic anisotropy of subducting slabs at transition-zone depths. 

Because of the difference in CPO pattern between the sample 
deformed at 1,300 °C (DI03) and that deformed at 1,000 °C (DI06 
and DI07), the anisotropy pattern also depends on temperature. The 
P wave propagates most slowly in the shear direction or in the dir- 
ection perpendicular to the compression direction at 1,000 °C, but in 
the compression direction at 1,300 °C. This is because the velocity of 
the P wave through an akimotoite single crystal is slowest in the c-axis 
direction (Fig. 2a). 

The spatial variation of seismic anisotropy in the Tonga subduct- 
ing slab was shown recently®. The slab is divided into two segments: 
the northern segment at latitudes 17—19° S and the southern segment 
at latitudes 19.5-27° S (Fig. 3). The magnitude of the anisotropy is 
5-7% for P waves and 9-12% for S waves, and the direction of 
maximum velocity is different in each of the two slab segments. In 
the northern segment, P waves propagate more slowly in the slab 
normal direction. In contrast, P waves propagate more slowly in 


a 
[1070] 


Figure 2 | P-wave anisotropies calculated using Anis2k. Vp contours are 
shown; black squares, maximum velocities (Vinax); White circles, zninimum 
velocities (Vmin). a, Akimotoite single crystal. Vinax = 12.44 km sl; 

Vin = 10.77kms |. b, Akimotoite aggregate experimentally deformed at a 
relatively high ees (1,300 °C) by uniaxial compression (DI03). 
Vmax = 11.65kms '; Vinin = 11.31 kms 1. ¢, d, Experimental deformation 
at a relatively low ay gah (1,000 °C) by uniaxial compression (¢; D106; 
Vmax = 11.59 km s bY, = =11.47kms_ .) and by simple shear (d; DI07; 
Vmax = 11.67 kms! Vinin = 11.18kms7!). The north-south direction 
corresponds to the compression direction in b and ¢, and to the shear-plane 
normal direction in d. The horizontal line and the east—west direction in 

d correspond to the shear plane and the shear direction, respectively. The o, 
direction for the deformed samples is the direction of the advancing pistons. 
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the slab sinking direction in the southern segment. As regards S 
waves, the directions of maximum and minimum velocities do not 
coincide with the slab normal and sinking directions. We compared 
P-wave anisotropy in experimentally deformed akimotoite aggre- 
gates with that observed in the Tonga subducting slab as mentioned 
above (Figs 2 and 3). We assumed that the maximum compressive 
direction (¢,) and the minimum compressive direction (¢3) in 
experimentally deformed samples corresponded to the orientation 
of the principal stress axes estimated from focal mechanisms of deep 
earthquakes in the Tonga slab®. In the southern Tonga slab segment, 
the P-wave velocity is slower and faster in the a; and o; directions, 
respectively (Fig. 3c), which is similar to that in the akimotoite ag- 
gregate deformed at 1,300 °C (Fig. 2b). In contrast, in the northern 
Tonga slab segment, the P-wave velocity is faster in the o, direction 
and slowest in the direction of the bisector between the o, and o3 
directions (Fig. 3b), which correlates well with that in the akimotoite 
aggregate deformed at 1,000°C (Fig. 2d). Thus, the difference in 
seismic anisotropy between the northern and southern Tonga slab 
segments is attributable to the difference in CPO patterns of akimo- 
toite resulting from differences in temperature. However, the tran- 
sition temperature in the Tonga slab between the southern and 
northern segments could not be determined quantitatively because 
CPO patterns are also dependent on strain rate, and the geological 
strain rates are much smaller than the experimental strain rates. The 
geometry of the Tonga slab is complicated, specifically at greater 
depths'*”° (Fig. 3). In addition, it has been reported that there is a 
difference in the distribution of the low-velocity zones in the mantle 
wedge between the northern and southern parts of the Tonga back- 
arc’'. The low-velocity zone in the deep mantle wedge above the 
southern part of the Tonga slab may be caused by partial melting 
or by the existence of fluids from dehydration of the slab. These 
observations suggest that the temperature of the southern part of 
the Tonga slab is higher than that of the northern part. There are 
probably lateral variations in temperature in the Tonga slab that give 
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Figure 3 | P-wave anisotropy of the Tonga slab and the deformed 
akimotoite. a, Map showing the geometry of the subducting Tonga slab and 
epicentres of earthquakes. b, c, P-wave anisotropies of the northern (b) and 
southern (c) Tonga slab segments®. Green dots in a represent earthquake foci 
at depths between 100 and 500 km; blue and red dots show earthquakes at 
depths greater than 500 km in the northern and southern Tonga segments. 
The dashed lines are equal-depth contours of the Tonga slab”*. The Vp 
contour diagrams (b, c) are equal-area lower-hemisphere projections, in 
which the white circles show the directions of the stress axes (a, 0, and 3) in 
the Tonga slab deduced from the focal mechanism solutions, and the black 
arc lines show the intersection of the Tonga slab with the hemisphere at 
depths greater than 500 km. Black circles show the fastest and the slowest Vp 
directions expected from the deformed akimotoite. 
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rise to the difference in the seismic anisotropy pattern in the Tonga 
slab. It has been suggested that there are strong lateral variations in Vp 
and Vg, and that these variations are caused by a petrological anomaly, 
such as compositional or mineralogical variation”. In addition to 
compositional variation, the change in CPO pattern with temperature 
may have contributed to the differences between the northern and 
southern segments of the Tonga slab. Because ringwoodite and major- 
ite, which may also be major constituents in the lower part of the 
mantle transition zone, are almost isotropic, the CPO of akimotoite 
must control the seismic anisotropy of the slab in the transition zone. 


METHODS SUMMARY 

Experimental procedure. The furnace assembly was composed of a sintered 
ZrO, pressure medium (an octahedron with an edge length of 10mm), Ta 
electrodes and a LaCrO; heater. Temperature was measured with W3%Re- 
W25%Re thermocouples. The starting material, which was placed in a platinum 
capsule, was an MgSiO; glass fabricated from oxides. Synthesis experiments were 
conducted at 20-22 GPa and 1,250-1,550 °C for 60 min. 

We measured the water content of the starting material by Fourier-transform 
infrared spectroscopy with a JASCO MFT-2000 instrument. The water content 
was determined by integrating the infrared absorption spectrum from 3,200 to 
3,750cm ' using a previous calibration of the extinction coefficient”’. The water 
content in akimotoite is 24 p.p.m. by weight, which is extremely low compared 
with hydrous akimotoite™. 

The sample was sandwiched between hard alumina pistons inserted in the 

furnace assembly to produce differential stresses during compression. To min- 
imize the deformation during cold compression, crushable alumina was placed 
at the outer ends of the pistons. Crushable alumina is initially very porous and 
soft. However, it becomes dense and works as good piston material on compres- 
sion. These ideas and the cell assemblies were based on ref. 25. 
EBSD measurement. EBSD patterns were obtained using a Nordlys I] EBSD 
detector mounted on a Jeol JSM-6460 scanning electron microscope at Chiba 
University, operating with an accelerating voltage of 20 kV and a beam current of 
1.5-2.4nA, and indexed manually with Channel 5 software (Flamenco) from 
HKL Technology. 
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Direct evidence of extensive diversity of HIV-1 in 


Kinshasa by 1960 


Michael Worobey', Marlea Gemmel’, Dirk E. Teuwen*”, Tamara Haselkorn', Kevin Kunstman’, Michael Bunce”, 
Jean-Jacques Muyembe®’, Jean-Marie M. Kabongo®, Raphaél M. Kalengayi®, Eric Van Marck®, 


M. Thomas P. Gilbert'+ & Steven M. Wolinsky* 


Human immunodeficiency virus type 1 (HIV-1) sequences that 
pre-date the recognition of AIDS are critical to defining the time 
of origin and the timescale of virus evolution’’. A viral sequence 
from 1959 (ZR59) is the oldest known HIV-1 infection’. Other 
historically documented sequences, important calibration points 
to convert evolutionary distance into time, are lacking, however; 
ZR59 is the only one sampled before 1976. Here we report the 
amplification and characterization of viral sequences from a 
Bouin’s-fixed paraffin-embedded lymph node biopsy specimen 
obtained in 1960 from an adult female in Léopoldville, Belgian 
Congo (now Kinshasa, Democratic Republic of the Congo 
(DRC)), and we use them to conduct the first comparative evolu- 
tionary genetic study of early pre-AIDS epidemic HIV-1 group M 
viruses. Phylogenetic analyses position this viral sequence 
(DRC60) closest to the ancestral node of subtype A (excluding 
A2). Relaxed molecular clock analyses incorporating DRC60 and 
ZR59 date the most recent common ancestor of the M group to 
near the beginning of the twentieth century. The sizeable genetic 
distance between DRC60 and ZR59 directly demonstrates that 
diversification of HIV-1 in west-central Africa occurred long 
before the recognized AIDS pandemic. The recovery of viral gene 
sequences from decades-old paraffin-embedded tissues opens the 
door to a detailed palaeovirological investigation of the evolution- 
ary history of HIV-1 that is not accessible by other methods. 

We screened 27 tissue blocks (8 lymph node, 9 liver and 10 pla- 
centa) obtained from Kinshasa between 1958 and 1960 by polymer- 
ase chain reaction with reverse transcription (RT-PCR); one lymph 
node biopsy specimen contained HIV-1 RNA. Viral nucleic acids 
were extracted from this specimen using protocols optimized for 
the recovery of nucleic acids from ancient or degraded samples**. 
After reverse transcription, 12 out of the 14 short HIV-1 comple- 
mentary DNA fragments in the study (Fig. la) were amplified by PCR 
using a panel of conserved primer pairs from different regions of the 
viral genome (Supplementary Table 1). Each PCR product was 
cloned and sequenced. Sequences were reproducible after repeated 
extractions and were not the result of PCR contamination (see Fig. la 
and Supplementary Table 1 for fragment designations). The results 
were confirmed independently in two laboratories (Fig. 1b and 
Supplementary Fig. 1), with the second laboratory successfully iden- 
tifying the positive 1960 specimen in a blinded assay. The short 
fragments of the 1960 sample were found to be of subtype A and 
not to be a mosaic of contemporary sequences (see Supplementary 
Information for a detailed discussion of the authenticity of the 1960 
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Figure 1| Fragments amplified from DRC60, and the results of the 
phylogenetic and sequence analyses. a, The HIV-1 genome fragments that 
were successfully amplified from DRC60 (red) and are available for ZR59 
(black). The numbering for the HIV-1 sequences corresponds to the HXB2 
reference sequence (Supplementary Table 1). b, The A/A1 subtree from the 
unconstrained (in which a molecular clock is not enforced) BMCMC 
phylogenetic analysis. Supplementary Fig. 1 depicts the complete 
phylogenetic tree (50% majority rule consensus tree of the posterior sample, 
with branch lengths averaged across the sample). Posterior probabilities are 
shown on nodes with support >0.95. 1960.DRC60A is the University of 
Arizona consensus sequence, and 1960.DRC60N is the Northwestern 
University consensus sequence (that is, the sequences independently 
recovered in each of the two laboratories). The DRC60 sequences form a 
strongly supported clade with three modern sequences also sampled in the 
DRC. ¢, Smoothed histograms of within-subtype (A2, A/A1, B, C, D, F1, F2, 
H, J, K) and between-subtype distances. 
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sequences). Consensus nucleotide sequences from these short HIV-1 
fragments were concatenated for study. The analyses included 
reference sequences from the Los Alamos National Laboratory HIV 
sequence database and sequences recovered as part of this study from 
three paraffin-embedded tissue specimens collected from AIDS 
patients in Belgium and Canada between 1981 and 1997. 

HIV-1 sequences were analysed in MrBayes v3.1.2 (ref. 5) using an 
unconstrained (in which a molecular clock was not enforced) 
Bayesian Markov chain Monte Carlo (BMCMC) method. The phylo- 
genetic analyses confirmed that the DRC60 consensus sequences 
from the two laboratories were derived from a single patient (uncor- 
rected pairwise distance of 1.4%). The sequences were positioned 
close to the ancestral node of the subtype A lineage (excluding sub- 
subtype A2), forming a monophyletic clade with three modern 
sequences from the DRC (Fig. 1b and Supplementary Fig. 1). 
Assuming a similar rate of evolution along all branches on a tree, 
the divergence between two sequences reflects the time elapsed since 
their shared ancestor. As predicted, the DRC60 sequences had a 
shorter branch length to the A/A1 ancestral node than the contem- 
porary subtype A viruses sampled from the same geographic region 
(P= 1.0). 

We validated the time of origin of the 1960 sequence by compa- 
risons of the predicted date to the documented date. With the DRC60 
date treated as an unknown, we calculated an evolutionary rate on the 
basis of the distribution of branch lengths on the unconstrained 
phylogenetic trees sampled by MrBayes. To limit the effects of evolu- 
tionary rate differences between clades and uncertainties in rooting 
the HIV-1 M group phylogeny, we focused on the subtype A/A1 
subtree (Supplementary Fig. 1) and analysed root-to-tip branch 
lengths relative to the sampling year. The mean estimates for the year 
of origin of the DRC60 consensus sequences from the University of 
Arizona and Northwestern University laboratories were 1959 (95% 
highest probability distribution (HPD) 1902-1984) and 1959 (95% 
HPD 1915-1985), respectively, corroborating the authenticity of the 
DRC60 sequences and the existence of a clock-like signal in our data 
set (see later). Despite initial indications that recombination might 
seriously confound phylogenetic dating estimates®, subsequent work 
has suggested that recombination is not likely to systematically bias 
HIV-1 dates in one direction or the other, although it is expected to 
increase variance’. The close match between the predicted and the 
actual dates of both ZR59 (ref. 2) and DRC60 provides support for 
this view and gives an unambiguous indication that HIV-1 evolves in 
a fairly reliable clock-like fashion. 

The uncorrected pairwise distance between DCR60 and ZR59 in 
their overlapping env region was 11.7% (Fig. 1c). This genetic dis- 
tance is greater than 99.2% of within-subtype comparisons (within- 
subtype difference, range 0.01—-0.15; between-subtype difference, 
range 0.05—0.18). Because each subtype represents several decades 
of independent evolution in the human population”®, the extensive 
divergence between DRC60 and ZR59 indicates that the HIV-1 M 
group founder virus began to diversify in the human population (and 
that HIV-1 probably entered Kinshasa) decades before 1960. 

We applied a relaxed clock BMCMC coalescent framework as 
implemented in BEAST v1.4.7 (ref. 9) to estimate the time to the 
most recent common ancestor (TMRCA) of the HIV-1 M group. 
This approach robustly incorporates phylogenetic uncertainty and 
accounts for the possibility of variable substitution rates among 
lineages and differences in the demographic history of the virus, 
sampling phylogenies and parameter estimates in proportion to their 
posterior probability’. As with other studies of HIV-1 (ref. 11), 
comparisons of the marginal likelihoods of strict versus relaxed clock 
models (both of which are implemented in BEAST) indicated over- 
whelming support for relaxed clocks (data available on request). 
Hence, the use of strict clock models with these data would be inap- 
propriate and would probably yield misleadingly small error esti- 
mates with regard to both timing and substitution rates. 
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Using substitution rates calibrated with sequences sampled at dif- 
ferent time points, we obtained a posterior distribution of rooted tree 
topologies with branch lengths in unit time (Fig. 2 and 
Supplementary Fig. 2). The median estimated substitution rate for 
the concatenated subregions of the gag-pol-env genes was 
2.47 X10~* substitutions per site per year (95% HPD 1.90- 
2.95 X 10 *). The inclusion of the 1959 and 1960 sequences seemed 
to improve estimation of the TMRCA of the M group (Table 1), 
limiting the influence of the coalescent tree prior on the posterior 
TMRCA distributions compared with the data set that excluded these 
earliest cases of HIV-1. With DRC60 and ZR59 included, the differ- 
ent demographic/coalescent models gave highly consistent results, 
with tighter and more similar date ranges compared with the analyses 
that excluded them and 95% HPDs that extend no later than 1933. 
The best-fit model incorporated a constant population size demo- 
graphic model (TMRCA 1921, 95% HPD 1908-1933). The model 
with a general, non-parametric prior (the Bayesian skyline plot tree 
prior)'*'* that indicated a more complex (and biologically plausible) 
demographic history (Supplementary Fig. 3) had a statistically indis- 
tinguishable degree of support (TMRCA 1908, 95% HPD 1884— 
1924). Moreover, the population expansion demographic model’, 
which was a slightly worse fit to the data compared with the constant 
population and Bayesian skyline plot models, could not be rejected 
given the Bayes factor comparison of models (Table 1). The inability 
to strongly reject the model with a constant population size prior is 
counterintuitive because it is clear that the HIV-1 population size has 
increased notably. We speculate that this finding might be due to 
the simplest model providing a good fit to a relatively short, 
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Figure 2 | Maximum clade credibility topology inferred using BEAST v1.4.7 
under a Bayesian skyline plot tree prior. Branch lengths are depicted in unit 
time (years) and represent the median of those nodes that were present in at 
least 50% of the sampled trees. DRC60 (red), ZR59 (black) and the three 
control sequences from paraffin-embedded specimens from known AIDS 
patients (grey) are depicted in bold. The 95% HPD of the TMRCA is 
indicated at the root of the tree. Nodes (sub-subtype and deeper) with 
posterior probability of 1.0 are marked with grey circles. Unclassifiable 
strains are labelled ‘U’. Sequences sampled in the DRC are highlighted with a 
bullet at the tip. DRC60 and the two control sequences from the DRC each 
form monophyletic clades with previously published sequences from the 
DRC, whereas the Canadian control sequence clusters, as expected, with 
subtype B sequences. The dashed circle and shaded area show the extensive 
HIV-1 diversity in Kinshasa in the 1950s. Supplementary Fig. 2 shows the 
tree in rectangular form with taxon labels. 
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information-poor alignment, in comparison with more parameter- 
ized models. 

Acid-containing fixatives such as Bouin’s solution can cause base 
modifications of nucleic acids, leading to the generation of erroneous 
bases in sequences derived from such samples’. However, the replica- 
tion of all sequences from independent PCR amplifications and the 
uncorrected pairwise distance between the consensus sequences from 
the two laboratories (1.4%) suggest that few of the mutations on the 
DRC60 lineage are damaged-induced. Moreover, our relaxed clock 
methods are likely to be fairly robust to the presence of such mutations 
in one lineage’. Nevertheless, additional old sequence data would be 
helpful for resolving what impact, if any, this possible source of error 
had on the slightly earlier dates we calculated compared with previous 
estimates that did not include early calibration points**’*”. 
Interestingly, the best-fit model for the data set that excluded ZR59 
and DRC60 (Table 1) gave a TMRCA estimate of 1933 (1919-1945), 
which is very similar to that of ref. 2. This suggests that the inclusion of 
the old sequences, rather than the vagaries associated with a much 
shorter alignment than that analysed by ref. 2, might explain the 
discrepancy. Also, one earlier study, using sequences from the DRC 
only'’, produced dating and demography estimates very similar to 
ours. Overall, there is broad agreement between all of these studies 
in spite of differences in data and methods. 

Our estimation of divergence times, with an evolutionary time- 
scale spanning several decades, together with the extensive genetic 
distance between DRC60 and ZR59 indicate that these viruses 
evolved from a common ancestor circulating in the African popu- 
lation near the beginning of the twentieth century; TMRCA dates 
later than the 1930s are strongly rejected by our statistical analyses. 
The topology of the HIV-1 group M phylogeny provides further 
support for this conclusion. Unlike ZR59, which is basal to subtype 
D', DRC60 branches off from the ancestral node of subtype A/A1 
(Fig. 2 and Supplementary Figs 1 and 2). Thus, it is clear that phy- 
logenetically distinct subtypes (and/or their progenitors) were 
already present in the DRC by this early time point (Fig. 2). 
Notably, DRC60 and ZR59 cluster with other strains from the same 
geographical region and basal to other members of their respective 
subtypes, a pattern consistent with the hypothesis that the subtypes 
spread through lineage founder effects worldwide, whereas a more 
diverse array of forms remained at the site of origin in Africa'””*. 

The reservoir of the ancestral virus still exists among wild chim- 
panzee communities in the same area on the African continent”. 
Humans acquired a common ancestor of the HIV-1 M group by 
cross-species transmission under natural circumstances”’, probably 
predation”’. The Bayesian skyline plot (Supplementary Fig. 2), which 
tracks effective population size through time, suggests that HIV-1 
group M experienced an extensive period of relatively slow growth in 
the first half of the twentieth century. A similar pattern has been 
inferred using sequences sampled only in the DRC". This pattern, 
and the short duration between the first presence of urban agglo- 
merations in this area and the timing of the most recent common 
ancestor of HIV-1 group M (Fig. 3), suggests that the rise of cities 
may have facilitated the initial establishment and the early spread of 
HIV-1. Hence, the founding and growth of colonial administrative 
and trading centres such as Kinshasa may have enabled the region to 
become the epicentre of the HIV/AIDS pandemic”. 
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Figure 3 | The origin and growth of the major settlements near the 
epicentre of the HIV-1 group M epidemic. In the countries surrounding the 
putative zone of cross-species transmission’’ (current-day Cameroon, 
Central African Republic, DRC, Republic of Congo, Gabon and Equatorial 
Guinea) there was not a single site with a population exceeding 10,000 until 
after 1910. The founding date of each major city in the region is listed beside 
its name. Most were founded only shortly before the estimated TMRCA of 
group M. The demographic data are from ref. 23. 


The archival banks of Bouin’s-fixed paraffin-embedded tissue spe- 
cimens accumulated by many hospitals in west-central Africa provide 
a vast source of clinical material for viral genetic analysis. As with the 
1918 Spanish influenza pandemic virus**”, a deep perspective on the 
evolutionary history of HIV-1 using sequences resurrected from the 
earliest cases in Africa could yield important insights into the patho- 
genesis, virulence and evolution of pandemic AIDS viruses. 


METHODS SUMMARY 


A total of 813 Bouin’s-fixed paraffin-embedded histopathological blocks were 
recovered from the 1958-1962 archives of the Department of Anatomy and 
Pathology at the University of Kinshasa. The boxes were stored until transfer to 
the University of Arizona, where 8 lymph node, 9 liver and 10 placenta samples 
from 1958-1960 were selected for RNA preservation analysis and HIV-1 RNA 
screening. We used a human f-2-microglobulin (B2M) quantitative RT-PCR 
assay to assess RNA quality as described’. Digestion and extraction of these sam- 
ples, and of three modern positive-control samples, were performed using 
QIAamp DNA micro kits (Qiagen) using the protocol described in ref. 3. We used 
14 primer sets designed to anneal to highly conserved regions of the gag, pol and 
env genes of HIV-1 group M and to amplify very short fragments likely to be 
present even in ancient and/or degraded specimens (Supplementary Table 1). 
Reverse transcription was performed using the SuperScript III System for RT- 
PCR (Invitrogen). The cDNA was amplified by PCR using Platinum Taq HiFi 
enzyme (Invitrogen) and cloned using the TOPO TA Cloning Kit (Invitrogen). 
We constructed an alignment including 156 published reference sequences plus 


Table 1| HIV-1 M group TMRCA estimates from BEAST analyses under different coalescent tree priors 


Coalescent tree prior 


DRC60 and ZR59 excluded* 


DRC60 and ZR59 included 


Constant 1933 (1919-1945), 0.0 
Exponential 1907 (1874-1932), -3.5+0.8 
Expansion 1882 (1834-1917), —2.7+0.8 

Logistic 1913 (1880-1937), —2.3+ 0.8 


Bayesian skyline plot 


1882 (1831-1916), —2.7+0.8 


1921 (1908-1933)7, 0.0 
1914 (1891-1930), -2.1+1.5 
1902 (1873-1922), —1.6+1.5 
1913 (1891-1930), -3.2+1.5 
1908 (1884-1924)}, —0.4+1.5 


Shown for each coalescent tree prior is the median, with the 95% highest probability distribution of TMRCA in parentheses. Also shown is the logio Bayes factor difference in estimated marginal 
likelihood (+ estimated standard error) compared with the coalescent model with strongest support. 
*Concatenated gag-pol-env fragments available for either or both of ZR59 and DRC60 (994 nucleotides total, 507 from DRC60). 


+TMRCAs for the best-fit model and models not significantly worse than it are written in bold. 
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the sequences recovered in this study, concatenating the 12 (out of 14) fragments 
successfully amplified from the 1960 sample and the 4 fragments already available 
from the 1959 sample (994 bases total). We performed an unconstrained (not 
enforced by a molecular clock) BMCMC analysis in MrBayes v3.1.2 (ref. 5) and 
used the resulting MCMC sample to test whether the 1960 sequence exhibited 
properties consistent with its provenance (both age and geography). We used a 
relaxed molecular clock model, as implemented in BEAST v1.4.7 (ref. 9), to 
estimate the TMRCA of HIV-1 group M using the 1960 and 1959 samples and 
to investigate the demographic history of the virus. We also performed pairwise 
comparisons within and between subtypes for the 163 bases available for both 
DRC60 and ZR59. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Archival samples. Each individual block carried an original paper identification 
number permanently embedded in the paraffin. Laboratory books listed the 
corresponding identification numbers sequentially, and included the patient’s 
age, sex, department of hospitalization, tissue type and date of sampling. Block 
identification number, sampling date and tissue type were transcribed onto an 
Excel spreadsheet, and the blocks were indexed, transferred into plastic boxes 
and photographed. 

The results of the quantitative RT-PCR assay indicated that the integrity of the 
RNA preserved in these 27 samples ranged from moderate to undetectable, a 
range typical of Bouin’s-fixed specimens’. The human RNA found in the 1960 
lymph node biopsy sample that was found to be HIV-1-RNA-positive was of 
relatively good quality. The C, values (quantitative PCR data available from the 
authors on request) were as low or lower (better) than more recent (1980-1990) 
paraffin-embedded tissues that have yielded short HIV-1 RNA amplicons’. 

Three formalin-fixed paraffin-embedded necropsy specimens were obtained: 

a Canadian patient who died in 1997 (CAN97); a Congolese woman who died in 
Belgium in 1981 and who was retrospectively identified as an AIDS patient 
(BE81); and a Congolese man who died in Belgium in 1985 (BE85). The latter 
two cases were presumably infected in Zaire (now the Democratic Republic of 
the Congo). The phylogenetic reconstruction shows that their viral sequences are 
most closely related to modern sequences from the Democratic Republic of the 
Congo, whereas the Canadian specimen yielded a subtype B sequence, as pre- 
dicted (Figs 1 and 2 and Supplementary Figs 1 and 2). 
RNA isolation and reverse transcription. Between 5 and 10 microtome sec- 
tions, 5-10 [im in thickness, or an approximately equivalent amount of tissue 
shaved from each block with a disposable scalpel blade, were used for each 
digestion and extraction, as described’. Rigorous attention was given to prevent- 
ing cross-contamination between samples by cleaning the outer surface of each 
block with a bleach solution, using fresh microtome/scalpel blades for each 
sectioning of each block, discarding the first few (exposed-surface) sections, 
and by performing the work in a room physically isolated from any human or 
HIV-1 PCR-product DNA. A 48-h digestion period (24 h at 65 °C, 24h at 75 °C) 
was used. Post extraction nucleic acids were eluted into 100 pl elution buffer AE 
and stored frozen at —80°C until required for analyses. 

Reverse transcription was performed simultaneously for the gag, poland human 
B2M RNA fragments; env fragments 3-10; and env fragments 11-14 
(Supplementary Table 1). This was performed with SuperScript II used according 
to the manufacturer’s instructions. The protocol was as described’ except that 
alternating 50 °C and 55 °C incubation periods of 30 min were used for a total of 6 h. 
Amplification, cloning and DNA sequencing. The cDNA was PCR amplified in 
25-ul reactions, using 0.1 pl Platinum Taq HiFi enzyme (Invitrogen), 250 UM 
DNTP mix, 2mM MgSOg, 1X PCR buffer, 0.4 [\M per primer, and 2 pl cDNA for 
the gagand pol reactions or 1 itl for the env ones, with annealing temperatures of 
60 °C (gag, 60 cycles) or 55°C (pol, 50 cycles; env, 55 cycles). Full details are 
available from the authors on request. 

After amplification, the PCR-product DNA was visualized by agarose gel 
electrophoresis and then purified using Zymoclean DNA Clean and 
Concentrator-25 spin tubes (Zymo Research Corporation). PCR-product 
DNA was inserted into vector pCR2.1-TOPO using the TOPO TA Cloning 
Kit (Invitrogen). The University of Arizona Genomic Analysis and 
Technology Core Facility resolved the DNA sequence of the vector inserts on 
an Applied Biosystems 3730xl DNA analyser using ABI Big Dye 3.1 chemistry 
(Applied Biosystems). Nearly identical protocols were followed for the inde- 
pendent replication of the DRC60 results at Northwestern University. 
Alignments. We downloaded the 2006 full-length HIV-1 sequence alignment 
from the Los Alamos National Laboratories HIV sequence database”. We 
retained only non-recombinant HIV-1 group M A-K subtype sequences 
(excluding G) and removed sequences suspected a priori of unusual evolutionary 
dynamics (such as those associated with the intravenous drug user epidemic in 
Eastern Europe and those with nef deletions, both of which exhibit abnormally 
slow evolutionary rates). We also reduced the size of the subtype B and C clades, 
which are heavily over-sampled relative to the others, by keeping only the first 5 
sequences from any year/country pair and then randomly removing sequences 
until the sample size was similar to that of the other subtypes. This procedure left 
a total of 156 sequences. We then manually aligned the consensus sequence from 
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the 12 regions amplified from DRC60, plus the 4 regions available for ZR59, to 
the full-length sequences. These short regions (Fig. 1a and Supplementary Table 
1) were then concatenated into an alignment 994 nucleotides in length. The four 
env fragments from DRC60 that overlapped with available data from ZR59 were 
concatenated into an alignment 163 nucleotides in length. Matching alignments 
with DRC60 and ZR59 removed were also constructed. All the alignments are 
available from the authors on request. 

MrBayes analyses. We used a general time-reversible nucleotide substitution 
model with gamma-distributed rate heterogeneity among sites and performed 
four independent runs of 20 million steps, sampling every 2,000 steps. 
Examination of the MCMC samples with Tracer v1.4 (ref. 9) indicated conver- 
gence and adequate mixing of the Markov chain with estimated sample sizes in the 
thousands. We discarded the first 2 million steps from each run as burn-in, and 
combined the resulting MCMC samples for subsequent estimation of posteriors. 
The 50% majority rule consensus tree (Supplementary Fig. 1) is shown rooted on 
the branch identified by the rooted-tree method in BEAST v1.4.7 (ref. 9), described 
below; however, the group M rooting was not relevant to any dating analysis. We 
also estimated phylogenies using the same data set under neighbour-joining and 
maximum likelihood methods and the same substitution model. The DRC60 
sequences fell in the same topological position as with the BMCMC methods, with 
short root-to-tip genetic distances, consistent with the MrBayes_ results 
(Supplementary Fig. 1). All data and trees available from the authors on request. 

We used the posterior tree sample to test the hypothesis that the terminal 
nodes of the DRC60 sequences were closer to the inferred A/A1 ancestral node by 
calculating the proportion of sampled trees where the A/A1 node-to-tip dis- 
tances were smaller for these sequences than for the three modern sequences 
from the DRC in the same clade (Fig. 1b). 

To predict the date of sampling on the basis of the phylogenetic properties of 

the DRC60 sequences, we also plotted the branch lengths (A/A1 node to tips) 
against the time of sampling for all A/A1 sequences excluding DRC60 and cal- 
culated the best fit for the linear regression of genetic divergence against the year 
of sampling of the viruses’. We calculated the mean and 95% HPD of the 
predicted sampling date of each DRC60 consensus sequence on the basis of its 
node-to-tip distance and the inferred regression line calculated for each of 100 
trees sampled by MrBayes. 
Bayesian MCMC inference of phylogeny using BEAST v1.4.7. We used the 
Bayesian methods described previously”'®, which allow for the co-estimation of 
phylogeny and divergence times under a ‘relaxed’ molecular clock model, as 
implemented in BEAST v1.4.7 (ref. 9). All analyses were performed under an 
uncorrelated lognormal relaxed molecular clock model, using a general time- 
reversible nucleotide substitution model with heterogeneity among sites modelled 
with a gamma distribution. We investigated each demographic model (constant 
population, exponential growth, expansion growth, logistic growth) as well as a 
Bayesian skyline plot coalescent tree prior’’, a general, non-parametric prior that 
enforces no particular demographic history. We used a piecewise linear skyline 
model with 10 groups. We then compared the marginal likelihoods for each model 
using Bayes factors estimated in Tracer v1.4 as described’*'*. Bayes factors repres- 
ent the ratio of the marginal likelihoods of the models being compared. A large 
ratio can indicate that one model is a significantly better fit to the data than 
another. We assessed the strength of the evidence that the best-fit model was 
superior to the others as described’. 

For each analysis, two independent runs of 50 million steps were performed. 
Examination of the MCMC samples with Tracer v1.4 indicated convergence and 
adequate mixing of the Markov chains, with estimated sample sizes in the hun- 
dreds or thousands. After inspection with Tracer, we discarded an appropriate 
number of steps from each run as burn-in, and combined the resulting MCMC 
tree samples for subsequent estimation of posteriors. We summarized the 
MCMC samples using the maximum clade credibility topology found with 
TreeAnnotator v1.4.7 (ref. 9), with branch length depicted in years (median of 
those branches that were present in at least 50% of the sampled trees; Fig. 2). The 
Bayesian skyline plot was reconstructed using the posterior tree sample and 
Tracer v1.4. 
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Individual differences in non-verbal number acuity 
correlate with maths achievement 


Justin Halberda', Michéle M. M. Mazzocco!” & Lisa Feigenson’ 


Human mathematical competence emerges from two representa- 
tional systems. Competence in some domains of mathematics, 
such as calculus, relies on symbolic representations that are 
unique to humans who have undergone explicit teaching’. 
More basic numerical intuitions are supported by an evolution- 
arily ancient approximate number system that is shared by 
adults**, infants’ and non-human animals*"’—these groups can 
all represent the approximate number of items in visual or aud- 
itory arrays without verbally counting, and use this capacity to 
guide everyday behaviour such as foraging. Despite the wide- 
spread nature of the approximate number system both across spe- 
cies and across development, it is not known whether some 
individuals have a more precise non-verbal ‘number sense’ than 
others. Furthermore, the extent to which this system interfaces 
with the formal, symbolic maths abilities that humans acquire 
by explicit instruction remains unknown. Here we show that there 
are large individual differences in the non-verbal approximation 
abilities of 14-year-old children, and that these individual differ- 
ences in the present correlate with children’s past scores on stan- 
dardized maths achievement tests, extending all the way back to 
kindergarten. Moreover, this correlation remains significant when 
controlling for individual differences in other cognitive and per- 
formance factors. Our results show that individual differences in 
achievement in school mathematics are related to individual dif- 
ferences in the acuity of an evolutionarily ancient, unlearned 
approximate number sense. Further research will determine 
whether early differences in number sense acuity affect later maths 
learning, whether maths education enhances number sense acuity, 
and the extent to which tertiary factors can affect both. 

Behavioural, neuropsychological and brain imaging techniques 
show that a signature of the approximate number system (ANS) is 
its imprecision” *. Unlike exact verbal counting, the ANS produces 
numerical representations that grow increasingly imprecise as a lin- 
ear function of the target array, with larger quantities represented less 
precisely than smaller quantities. This imprecision is expressed as a 
Weber fraction that indexes the amount of error in the underlying 
mental representation of any numerosity*. On average, the Weber 
fraction of adults is approximately 0.11, yielding successful non-ver- 
bal discrimination of arrays differing by as little as a 9:10 ratio®™*. 
Here we address whether there are significant individual differences 
in ANS acuity, and also whether these differences correlate with 
individual differences in symbolic maths achievement. 

We examined 64 14-yr-old children with normal development 
whose performance in a variety of mathematical and more general 
cognitive tasks had been measured longitudinally, starting in kind- 
ergarten’>. We tested for correlations between the current ANS acuity 
of the subjects and their past achievement in symbolic maths, while 
controlling for a wide range of other variables. Each subject’s ANS 


acuity was assessed by psychophysical modelling of performance ona 
simple more/less judgement task similar to those used previously 
with infants and non-human animals. On each trial, subjects saw 
spatially intermixed blue and yellow dots presented on a computer 
screen too rapidly (200 ms) to serially count (Fig. 1a)'®. Subjects 
indicated which colour was more numerous by key press and verbal 
response. The ratio between the two sets varied randomly among 1:2, 
3:4, 5:6 and 7:8, with between 5 and 16 dots in each set. The colour of 
the more numerous set varied randomly, and half of the trials were 
area-controlled to ensure that responses were on the basis of the 
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Figure 1| Method and group performance. a, A representation of the trial 
from the numerical discrimination task. b, Group performance and 
modelled best-fit for all trials in the numerical discrimination task. 

c, Histogram of w, the acuity of the ANS, for the sample (n = 64), as 
determined by the psychophysical model for each subject. 
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number of dots and not on the total dot area (see Supplementary 
Information). Subjects participated in two sessions of 10 practice 
trials and 40 test trials each, totalling 80 test trials (approximately 
10 min of testing per subject). 

Collapsing across subjects, numerical discrimination improved as 
the ratio between the presented numerosities increased, in accord 
with Weber’s law and with previous investigations of the ANS*° 
(Fig. 1b). This gradual improvement in performance as a function 
of ratio was modelled using classical psychophysical tools to deter- 
mine the group Weber fraction (see Methods and Supplementary 
Information). This returned a value of 0.265 for the group Weber 
fraction (w) with an R? value of 0.995, suggesting that there is very 
high agreement between this psychophysical model of the ANS and 
the behavioural data (Fig. 1b). Next, we used this same method to fit 
each individual subject’s data and thereby determine each subject’s 
Weber fraction. This showed surprisingly large variation in the ANS 
acuity (w), ranging from 0.119 to 0.567 (Fig. 1c). The Weber fractions 
of subjects can also be translated into more intuitive whole numbers 
that show the ratio that would result in 75% correct performance. 
Using this translation, some subjects could discriminate numerical 
ratios as fine as 9:10 (w= 0.11) whereas others had difficulty with 
ratios finer than 2:3 (w= 0.5; mean subject w~ 4:5). 

A question to address is whether these individual differences in 
ANS acuity (w) predict individual differences in symbolic maths 
achievement. Each of our subjects was tested annually from kind- 
ergarten to sixth grade (ages 5-11) on a battery of standardized and 
investigator-designed measures. This longitudinal assessment of 
mathematical, verbal and other cognitive abilities provides a unique 
opportunity to detect any enduring correlations between ANS acuity 
and symbolic maths ability while controlling for other factors. Each 
year (ages 5-11), symbolic maths ability was assessed using the ‘test of 
early mathematical ability, second edition’ (TEMA-2)"’ and/or the 
‘Woodcock-Johnson revised calculation subtest’ (WJ-Rcalc)'’, yield- 
ing an age-referenced standardized score for each subject. We found 
that the ANS acuity (w) of subjects correlated with symbolic maths 
performance in every year tested (from kindergarten to sixth grade) 
for both of the standardized maths tests, as summarized in Table 1. 
ANS acuity in ninth grade retrospectively predicted the symbolic 
maths performance of individual students from as early as kindergar- 
ten, a 9-yr time span. The linear correlations of ANS acuity (w) with 
symbolic maths achievement (TEMA-2 and WJ-Rcalc) for the third 
grade are shown in Fig. 2a, b. 

A further question to address was whether the correlation between 
ANS acuity and symbolic maths achievement was due to individual 
differences in more general cognitive or performance factors. In the 
third grade (when subjects were approximately aged 8) we adminis- 
tered several non-numerical standardized tests including measures of 
rapid lexical access for colour names (rapid automatic naming, RAN- 
colour)'? and full-scale IQ (Wechsler abbreviated scale of intel- 
ligence, WASI-full)*®. The RAN-colour is an appropriate control 


Table 1| Correlation of ANS acuity (w) with symbolic maths achievement 


Grade TEMA-2 t P W5J-Realc t P 
R? df. = 62 R? df. = 62 
Kindergarten 0.137 3.134 0.003 0.127 2.959 0.004 
First 0.140 3.171 0.002 0.326 5480 8x10” 
Second 0.238 4399 4x10° 
Third 0.324 5448 9X10’ 0.282 4.933 6x10 ° 
Fourth 0.248 4518 3x10° 
Fifth 0.117 2.866 0.006 
Sixth 0.251 4564 2x10° 


ANS acuity (w) measured in ninth grade retroactively correlated with symbolic maths 
achievement. R? values represent the proportion of the variance in symbolic maths achievement 
that is explained by ANS acuity. R* values >0.25 are considered large in behavioural science and 
are generally viewed as having large practical significance. t values represent the distance, 
measured in units of standard error, between the obtained correlation and the null hypothesis of 
no correlation. P values represent the probability of obtaining the observed correlation in a 
sample of data by random chance when there is truly no relation in the population. 
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Figure 2 | Regressions. a, b, Linear regression of the standard score for each 
subject on the TEMA-2 test (a) or on the WJ-Rcalc test (b) of symbolic maths 
achievement and the acuity of the ANS (w). For TEMA-2 and WJ-Rcalc, 
higher numbers indicate better performance, whereas for the Weber 
fraction, lower numbers indicate better performance. 


for our task because it measures the reaction time to identify the 
colours of 50 stimuli quickly; rapid colour naming is precisely the 
behaviour required by our ANS acuity assessment. The WASI-full IQ 
test acts as a control for general intelligence. WASI-full and RAN- 
colour did not correlate with one another in our sample (P = 0.699), 
making them largely orthogonal for purposes of linear regressions 
with ANS acuity. To examine the relationship of ANS acuity and 
symbolic maths achievement while controlling for other variables, 
two separate linear regressions were performed with ANS acuity (w) 
as the dependent variable and performance on either the TEMA-2 or 
the WJ-Rcalc test, and WASI-full and RAN-colour as independent 
variables. These showed that ANS acuity (w) correlated with sym- 
bolic maths achievement in the third grade even with rapid lexical 
access and general intelligence controlled for (Table 2). 

To assess the strength of the correlation between ANS acuity (w) 
and symbolic maths achievement further, we performed extra linear 
regressions between w (measured at age 14) and an even broader range 
of standardized test scores obtained when subjects were in the third 
grade. These 16 measures controlled for the widest possible range of 
behavioural, cognitive and intelligence factors in our sample including 
many factors promoted as predictors of mathematical ability (for 
example, visual—-spatial reasoning, working memory)’. ANS acuity 
(w) significantly correlated with symbolic maths achievement (mea- 
sured in the third grade) for both TEMA-2 and WJ-Rcalc perfor- 
mance, with all 16 measures controlled for - = 0.167 and 0.200, res- 
pectively, where p represents partial correlation). In contrast, no other 
measure correlated with ANS acuity when symbolic maths perform- 
ance and other variables were controlled for (Table 3). This means that 
success on tests of symbolic mathematics throughout the school years 
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Table 2 | Correlations controlled for cognitive and performance factors 


Measure (task) ie t P 
d.f. = 60 

With TEMA-2 

Symbolic maths (TEMA-2) 0.146 3.205 0.002 

Intelligence (WASI-full) 0.013 0.887 0.379 

Task demands (RAN-colour) 0.004 0.492 0.625 
With WJ-Rcalc 

Symbolic maths (WJ-Rcalc) 0.155 3.325 0.003 

Intelligence (WASI-full) 0.070 2.124 0.038 

Task demands (RAN-colour) 0.017 1.023 0.310 
ANS acuity (w) measured in ninth grade retroactively correlated with third grade symbolic 
maths achievement and other measures. ie values represent the proportion of the variance in 
ANS acuity accounted for by the listed variable when controlling for the two remaining variables 


in each analysis (TEMA-2 or WJ-Rcalc). t values represent the distance, measured in units of 
standard error, between the obtained correlation and the null hypothesis of no correlation. P 
values represent the probability of obtaining the observed correlation in a sample of data by 
random chance when there is truly no relation in the population. 


can be retrospectively predicted by a subject’s ANS acuity in young 
adulthood, as measured by the simple task of determining which of 
two quickly flashed arrays has more dots, even with extensive controls 
for other cognitive and performance factors. 

Our results are consistent with at least two interpretations. Given 
that it is functional in infancy’, long before the onset of symbolic 
mathematics instruction, the ANS may have a causal role in determin- 
ing individual maths achievement. Indeed, neuropsychological evid- 
ence suggests that the ANS is activated during symbolic mathematical 
reasoning across the lifespan’’; therefore individual differences in ANS 
acuity might give rise to individual differences in maths ability. 


Table 3 | Correlations controlled for all available factors 


Measure (task) i t P 
d.f. = 40 
With TEMA-2 
Symbolic maths (TEMA-2) 0.167 2.831 0.007 
Intelligence (WASI-full) 0.005 0.472 0.640 
Task demands (RAN-colour) 0.023 0.981 0.332 
Verbal 1Q (WASI-verbal) 0.005 0.459 0.649 
Performance IQ (WASI-performance) 0.006 0.482 0.632 
Executive functions (CNT-B3) 0.021 0.918 0.364 
Visual working memory (MemPuzl) 0.067 694 0.098 
Visual segmentation (DTVPfg) 0.009 0.599 0.552 
Object perception (DTVPfc) 0.001 0.172 0.864 
Visual reasoning (DTVPvc) 0.025 004 0.321 
Spatial reasoning (DTVPps) 0.012 0.701 0.488 
Visual motor integration (VMI) 0.035 213 0.232 
Word knowledge (W4J-Rlwid) 0.012 0.706 0.484 
Reading (WJ-Rwa) 0.001 0.225 0.823 
Rapid lexical access (RAN-letter) 0.049 A35 0.149 
Rapid lexical access (RAN-number) 0.012 0.685 0.497 
Gender 0.028 069 0.291 
With WJ-Realc 
Symbolic maths (WJ-Rcalc) 0.200 3.149 0.003 
Intelligence (WASI-full) 0.013 0.736 0.466 
Task demands (RAN-colour) 0.004 0.391 0.698 
Verbal 1Q (WASI-verbal) 0.009 0.605 0.549 
Performance IQ (WASI-perf) 0.013 0.727 0.472 
Executive functions (CNT-B3) 0.035 1.208 0.234 
Visual working memory (MemPuzl) 0.084 1.916 0.062 
Visual segmentation (DTVPfg) 0.032 1.148 0.254 
Object perception (DTVPfc) 0.00 0.201 0.842 
Visual reasoning (DTVPvc) 0.008 0.578 0.566 
Spatial reasoning (DTVPps) 0.018 0.869 0.390 
Visual motor integration (VMI) 0.013 0.725 0.473 
Word knowledge (W4J-Rlwid) 0.014 0.757 0.454 
Reading (WJ-Rwa) 0.000 0.014 0.988 
Rapid lexical access (RAN-letter) 0.014 0.757 0.454 
Rapid lexical access (RAN-number) 0.000 0.037 0.970 
Gender 0.012 0.684 0.498 
ANS acuity (w) measured in ninth grade retroactively correlated with third grade symbolic 
maths achievement and other measures. Lis values represent the proportion of the variance in 
ANS acuity accounted for by the listed variable when controlling for all other variables in the list. 
t values represent the distance, measured in units of standard error, between the obtained 
correlation and the null hypothesis of no correlation. P values represent the probability of 


obtaining the observed correlation in a sample of data by random chance when there is truly no 
relation in the population. 
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Alternatively, individual differences in the quantity or quality of 
engagement in formal mathematics might increase ANS acuity. This 
latter possibility is hinted at by cross-cultural differences in Weber 
fractions, with maths-educated adults having better ANS acuity than 
adults from indigenous cultures lacking maths education®'*. These 
causal relationships, possible tertiary factors and the trainability of 
ANS acuity*® remain to be explored. Further evidence will add to 
the present results, which suggest that our ability to reason over sym- 
bolic numbers is deeply entwined with an evolutionarily ancient sys- 
tem for numerical approximation. 


METHODS SUMMARY 


At age 14 (that is, ninth grade), ANS acuity was assessed for 64 subjects (see 
Methods). The percentage correct on the ANS task was modelled for each indi- 
vidual subject as 1 — error rate, where error rate is defined as: 


1 ny — Mo 

= erfc| ——_———— 

2 (at m+ =) 
where erfc(x) is the complementary error function related to the integration of 
the normalized Gaussian distribution. This model fits percentage correct as a 
function of the Gaussian approximate number representations for the two sets 
displayed on a trial (1, and np, that is, blue dots and yellow dots) with a single free 
parameter, the Weber fraction (w; see Supplementary Information)’. 
Correlations presented were between this estimate of ANS acuity (w), measured 
at age 14, and scores on standardized cognitive and performance measures, from 
kindergarten to sixth grade. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Subjects. Sixty-four 14-yr-old children participated (32 male; mean age 14 yr 10 
months, ranging from 14 yr 3 months to 15 yr 9 months). They were from lower- 
middle to upper-middle economic backgrounds and were enrolled in normal 
(that is, non-learning-disabled) public classrooms in a single suburban school 
district outside of Baltimore, Maryland, USA. Throughout the longitudinal por- 
tion of the study, subjects were tested yearly in one, two or three 1-h sessions. The 
numerical discrimination task was performed during a laboratory visit during the 
tenth year of the longitudinal study (that is, ninth grade). Further details are given 
in the Supplementary Information. A total of 80 14-yr-olds were tested during the 
tenth year assessment but 9 were removed from the final sample owing to high 
variability in their performance on the ANS acuity assessment (see Modelling and 
analysis section), and 7 were removed because of missing data for some portion of 
the standardized tests in grades kindergarden to sixth grade. 

Numerical discrimination. Subjects completed this task twice at an interval of 
approximately 60 min, as the first and last sub-tasks in a larger test battery from 
the longitudinal study. Each run of the task lasted 5 min. Subjects viewed dot 
arrays on a computer screen and judged whether there were more blue or more 
yellow dots. For each trial, pressing the space bar initiated a 250 ms blank-screen 
delay followed by a 200 ms appearance of an array of intermixed blue and yellow 
dots. After the array had disappeared, subjects had an unlimited amount of time 
to indicate their response by pressing a colour-coded keyboard button and 
saying the name of the more numerous colour aloud. Reaction time averaged 
approximately 1,100 ms across subjects. Subjects were told that, if they wished to 
change their choice, they could correct an erroneous key-press response by 
reporting the intended response to the experimenter, who noted it on a score 
sheet. Self corrections were reported by only 6 of the 64 subjects and accounted 
for only 7 out of the 5,120 total trials recorded in the study. The number of dots 
in each set in the array ranged from 5 to 16. Whether the yellow or blue set was 
larger was randomized. Each trial was drawn from one of four ratio bins in which 
the ratio of the smaller to the larger set was 1:2, 3:4, 5:6 or 7:8. For each of two 
runs of the experiment, subjects received 10 practice trials randomly selected 
from these ratios followed by 40 randomly ordered test trials (10 trials per ratio). 
Half of the trials in each ratio were ‘dot-size controlled’: the size of the average 
blue dot was equal to the size of the average yellow dot. On these trials, the set 
with more dots necessarily also had a larger total area on screen. The other half of 
trials were ‘area controlled’: the total number of blue pixels equalled the total 
number of yellow pixels such that the total cumulative area of the two sets was 
identical. The set with more dots thereby had smaller dots on average. Because 
the two sets were spatially overlapping and each dot was randomly placed in a 
shared display window, area-controlled trials also controlled for other continu- 
ous variables associated with number such as total dot density, inter-dot distance 
and the total envelope size of each set. Preliminary analyses showed similar 
results for dot-size-controlled and area-controlled trials and these data were 
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therefore combined for each subject. On both dot-size-controlled and area- 
controlled trials, individual dot size varied randomly by up to +35% of the set 
average to discourage the use of individual dot size as a proxy for number. The 
diameter ofa typical dot subtended approximately 1 degree of visual angle from a 
viewing distance of 50cm. 

Modelling and analysis. Previous investigations have modelled numerical 
representations either as having linearly increasing means and linearly increasing 
standard deviation”, or as having logarithmically compressed means with con- 
stant standard deviation®. Both of these formats capture the performance pattern 
that is characteristic of the ANS (error that increases linearly with target numer- 
osity). We used a classical psychophysics model that relies on a linear format of 
the ANS (although a logarithmic model makes the same predictions for our 
simple numerical acuity task), which provides a psychologically plausible model 
of performance in numerical discrimination’. Percentage correct was modelled 
as a function of increasing ratio (larger set/smaller set, or m/m,). The numerosity 
for the blue set and yellow set were represented as Gaussian random variables 
(that is, X2 and X1) with means m and m and standard deviations equal to the 
Weber fraction w X n. Subtracting the Gaussian for the smaller set from the 
larger set returned a new Gaussian with a mean of m,— mm, and a standard 
deviation of w\ (1,7 + ny”) (simply the difference of two Gaussian random vari- 
ables). Percentage correct was then equal to 1 — error rate, in which error rate is 
defined as the area under the tail of the resulting Gaussian curve, computed as: 


1 f ny — Mo 
= erfc | —__— 
2 2wy/m +n5 


This model fits percentage correct on the numerical discrimination task as a 
function of the Gaussian approximate number representations for the two sets 
(that is, blue and yellow dots) with a single free parameter, the Weber fraction 
(w). An individual subject’s Weber fraction (w) describes the standard deviations 
for the Gaussian representations of the ANS, thereby describing the amount of 
overlap between any two Gaussian representations, and thereby predicting per- 
centage correct for any numerical discrimination. Using this model, the best-fit 
value for the Weber fraction (w) was determined by a program implementing the 
Levenberg—Marquardt algorithm for nonlinear least-squares fit on the average 
percentage correct in each ratio bin for each subject. The model attempts to 
determine the best-fit value for win 50 iterations, each iteration being an attempt 
to reduce the sum of squared error. The model did not settle on a value for 9 of 
the original 80 subjects we tested, owing to high variability in the accuracy of 
their responses. These subjects were removed from the analysis. 


27. Brannon, E. M., Wusthoff, C. J., Gallistel, C. R. & Gibbon, J. Numerical subtraction 
in the pigeon: evidence for a linear subjective number scale. Psychol. Sci. 12, 
238-243 (2001). 
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UNC-6/netrin and its receptor UNC-5 locally exclude 
presynaptic components from dendrites 


Vivian Y. Poon', Matthew P. Klassen’ & Kang Shen!” 


Polarity is an essential feature of many cell types, including neu- 
rons that receive information from local inputs within their den- 
drites and propagate nerve impulses to distant targets through a 
single axon. It is generally believed that intrinsic structural differ- 
ences between axons and dendrites dictate the polarized locali- 
zation of axonal and dendritic proteins’. However, whether extra- 
cellular cues also instruct this process in vivo has not been 
explored. Here we show that the axon guidance cue UNC-6/netrin 
and its receptor UNC-5 act throughout development to exclude 
synaptic vesicle and active zone proteins from the dendrite of the 
Caenorhabditis elegans motor neuron DA, which is proximal to a 
source of UNC-6/netrin. In unc-6/netrin and unc-5 loss-of- 
function mutants, presynaptic components mislocalize to the 
DA9 dendrite. In addition, ectopically expressed UNC-6/netrin, 
acting through UNC-5, is sufficient to exclude endogenous 
synapses from adjacent subcellular domains within the DA9 axon. 
Furthermore, this anti-synaptogenic activity is interchangeable 
with that of LIN-44/Wnt despite being transduced through differ- 
ent receptors, suggesting that extracellular cues such as netrin and 
Wnts not only guide axon navigation but also regulate the polar- 
ized accumulation of presynaptic components through local 
exclusion. 

The C. elegans motor neuron DAQ elaborates a molecularly and 
functionally distinct axon and dendrite’ (Fig. la, b). In wild-type 
animals, presynaptic components are excluded from the dendrite 
and accumulate in a stereotyped and discrete domain within the 
DA9 dorsal axon’ (Fig. 1c, d). These presynaptic components include 
synaptic vesicle proteins such as RAB-3, SNB-1/synaptobrevin and 
SNG-1/synaptogyrin (Supplementary Fig. 1), the L-type voltage- 
gated calcium channel B-subunit CCB-1, and the active zone protein 
SYD-2/c¢-liprin (Supplementary Fig. 2). In exploring whether extra- 
cellular cues instruct this polarized localization, we found that these 
presynaptic proteins mislocalize to the DA9 dendrite in unc-6/netrin 
(ev400) and unc-5(e53) null mutants (Fig. le-h, and Supplementary 
Figs 1 and 2). This mislocalization defect is not enhanced in unc- 
5;unc-6/netrin double mutants, suggesting that UNC-5 and UNC-6/ 
netrin function in the same pathway (Fig. 1h). A null mutation in the 
other principal UNC-6/netrin receptor, UNC-40, results in a minor 
mislocalization defect (Fig. 1h). We further observed that this mis- 
localization is partly suppressed by a mutation in the presynaptic 
assembly gene, syd-2/liprin-x (Supplementary Fig. 3), suggesting that 
SYD-2/¢-liprin promotes the accumulation of GFP::RAB-3 in the 
DA9 dendrite. In addition to the mislocalization defect, the average 
number of GFP::RAB-3 puncta in the dorsal axon of DA9 is reduced 
in unc-5 mutants compared with wild-type animals (Fig. le-g and 
Supplementary Fig. 4). 

Netrins are evolutionarily conserved axon guidance molecules 
present in worms’, flies> and mammals’. The activity of these secreted 


molecules is transmitted through two distinct cell-surface receptors: 
UNC-5 repels axons’ whereas UNC-40/DCC/Frazzled*"” attracts 
axons to a source of UNC-6/netrin. Similar to mammals, UNC-6/ 
netrin in C. elegans is expressed in many classes of ventral cells and its 
expression persists into adulthood*. The UNC-5 receptor is expressed 
in DA motor neurons, as indicated by antibody staining, transgene 
expression"! and microarray analysis'*. We confirmed that UNC-5 is 
expressed in DA9 with a transgenic line expressing dsRed driven by 
the unc-5 promoter (Supplementary Fig. 5a—c). 

To distinguish if UNC-5 is required for localization of presynaptic 
components in DA9 itself or in other cells like the postsynaptic part- 
ners of DAY (VD/DD neurons and dorsal body-wall muscles), we 
performed cell-autonomous rescue experiments with various pro- 
moters. The mig-13 promoter is expressed only in DA9 within the 
tail region at the early larval L1 stage’’ and a mig-13::unc-5 transgene 
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Figure 1| GFP::RAB-3 is mislocalized to the dendrite in unc-5 and unc-6/ 
netrin mutants. a—d, Micrographs and diagrams of representative wild-type 
adults expressing cytoplasmic mCherry (a, b) or GFP::RAB-3 

(c, d). e-g, Micrographs and diagram of representative unc-5 and unc-6/ 
netrin mutant adults expressing GFP::RAB-3. Signal in the middle of the 
worm is gut autofluorescence. Anterior, left; dorsal, top; brackets, dendrites; 
asterisks, cell bodies. Scale bar, 10 tum. h, Penetrance of dendritic GFP::RAB- 
3 in adults with no DA9 guidance defects. Error bars, standard error of 
proportion; n > 100; ***P < 0.0001 (versus wild-type animals), ¢ test. 


Neuroscience Program, Stanford University School of Medicine, 300 Pasteur Drive, California 94305, USA. Department of Biology, Howard Hughes Medical Institute, Stanford 


University, 385 Serra Mall, California 94305, USA. 


669 


©2008 Macmillan Publishers Limited. All rights reserved 


LETTERS 


robustly rescues the mislocalization defect in unc-5 mutant L1 and 
adult animals, suggesting that UNC-5 acts cell-autonomously in DA9 
to exclude presynaptic components from the dendrite. Furthermore, 
we did not observe any rescue when UNC-5 was expressed in the 
postsynaptic partners of DA9 using the unc-25 and unc-129m pro- 
moters'”!” (Fig. 2a and Supplementary Fig. 6). To substantiate these 
observations, we created unc-5 mutant animals expressing a rescuing 
unc-5::unc-5 transgene together with a cytoplasmic DA9 marker in a 
mosaic pattern. In two independent transgenic lines, we observed a 
strong correlation between the expression of unc-5 in DAY and rescue 
of the mislocalization defect, consistent with a cell-autonomous 
function for UNC-5 in DA9 (Fig. 2b). Using an UNC-5::YFP fusion 
construct expressed specifically in DAY, we observed a higher level of 
UNC-5::YFP in the dendrite and ventral axon than in the dorsal axon 
(Supplementary Fig. 7). 

The disrupted distribution of presynaptic components in unc-5 
and unc-6/netrin mutants is observable at the early L1 larval stage, 
when the DA9 dendrite begins to form, and persists throughout the 
life of the animal (Supplementary Figs 1 and 2a—f). To differentiate 
whether the mislocalization of presynaptic components is a con- 
sequence of an early axodendritic polarity or guidance defect or a 
later developmental defect, we used a modified version of a silencing 
intron cassette (M. Chalfie, personal communication) to regulate 
unc-5 temporally. We observed that culturing unc-5 mutant animals 
expressing the unc-5::intron::unc-5 transgene at 25°C throughout 
development resulted in a significant rescue of the mislocalization 
defect in unc-5 mutants, whereas culturing them at 16 °C led to no 
rescue, suggesting that the transgene produces functional UNC-5 at 
25 °C but not at 16 °C (Fig. 2d and Supplementary Fig. 8a). A shift to 
the restrictive temperature at the L4 larval stage, after DA9 and sur- 
rounding neurons are fully developed, results in a mislocalization 
defect in the transgenic mutant animals that is comparable to unc- 
5 mutants. Conversely, a shift to the permissive temperature is insuf- 
ficient to rescue the mislocalization defect, suggesting that the defect 
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is irreversible. Therefore, compromising the activity of unc-5 in 
mature DA9 neurons leads to a mislocalization defect, suggesting a 
novel function for UNC-5 in maintaining the polarized localization 
of GFP::RAB-3 independent of early polarization and guidance. 

To elucidate further whether this novel function of UNC-5 can be 
separated from its previously known role in axon guidance, we exam- 
ined axon guidance in the DD and VD neurons using the same 
temperature-shift experimental paradigm. We found that a shift to 
the restrictive temperature at the L4 larval stage did not cause further 
errors in axon guidance, suggesting that UNC-5 is only required 
during the early outgrowth phase to guide axons, and is not required 
later to maintain axon trajectory (Supplementary Fig. 8b). 

The two distinct roles of UNC-5 in axon guidance and GFP::RAB-3 
localization is further supported by the following observations. First, 
approximately half of unc-5 or unc-6/netrin mutant animals have no 
detectable DA9 guidance defects, yet the mislocalization defect is still 
observed (Supplementary Figs 9 and 10a). Second, unc-5 and unc-6/ 
netrin mutant animals with defective DA9 guidance do not display 
more penetrant mislocalization defects (Supplementary Fig. 10a). 
Third, UNC-129/TGF-B, like UNC-5 and UNC-6/netrin, is important 
for the dorsal guidance of DA neurons’, and we observed that 
approximately half of unc-129/Tgf-f mutant animals have severe 
DAY guidance defects but none exhibit dendritic GFP::RAB-3 
(Supplementary Fig. 10b, c). 

What cell biological processes do UNC-5 and UNC-6/netrin affect 
in localizing presynaptic components? It is possible that they are 
important for the establishment and maintenance of dendritic fate. 
Hence, we examined the localization of four dendritically localized 
proteins: CAM-1/ROR"®, a receptor tyrosine kinase that localizes 
somatodendritically in hippocampal cultures'’; UNC-9/innexin, a 
structural component of invertebrate gap junctions’*; F35D2.3/fibril- 
lin'®; and DYS-1/dystrophin"®. In wild-type animals, CAM-1, UNC-9 
and DYS-1 localize to the DA9 dendrite, cell body and ventral axon, 
whereas F35D2.3/fibrillin localizes exclusively to the dendrite. These 
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Figure 2 | UNC-5 acts cell autonomously in DAQ and is required throughout 
development. a, Expression of UNC-5 in DA9 rescues the mislocalization 
defect in unc-5 mutant L1 animals (n > 100). b, Expression of UNC-5 in 
other cells does not rescue the mislocalization defect (n > 80). 

c, Experimental timeline. d, The unc-5::intron::unc-5 transgene rescues the 
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mislocalization defect of unc-5;mec-8 mutant adults at 25 °C, not 16 °C. The 
mislocalization defect occurs when UNC-5 is inactivated early or late in 
development. Error bars, standard error of proportion; n > 100; 

***P < 0.0001 (within each transgenic line), va test. 
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localization patterns are unaffected in unc-5 and unc-6/netrin 
mutants, suggesting that many aspects of axodendritic polarization 
are maintained in these mutants (Supplementary Fig. 11). These 
results are consistent with the late temporal requirement of UNC-5 
for proper localization of presynaptic components. 

An alternative possibility is that UNC-5 and UNC-6/netrin regu- 
late accumulation of presynaptic components in the dorsal axon, and 
that reduced axonal accumulation may indirectly cause the misloca- 
lization defect. However, we did not observe any significant differ- 
ence when we compared the average number of axonal GFP::RAB-3 
puncta between unc-5 mutants with and without dendritic 
GFP::RAB-3 (Supplementary Fig. 3). We conclude that this model 
is unlikely to be true. 

To test directly whether UNC-6/netrin provides instructive 
information for the localization of presynaptic components, we 
generated a posterior to anterior gradient of UNC-6/netrin near 
DA9 using the egl-20 promoter’? where the posterior segment of 
the DA9 dorsal axon is exposed to an abnormally high level of 
UNC-6/netrin. This ectopic expression of UNC-6/netrin causes 
DA9 guidance defects in a small fraction of animals (12.2 + 3.2%). 
When we examined animals with normal DA9 guidance, we observed 
that the egl-20::unc-6/netrin transgene dramatically displaces 
GFP::RAB-3 anteriorly, creating an enlarged asynaptic zone in the 
posterior segment of the DA9 dorsal axon compared with wild-type 
animals (Fig. 3a—d, h). As the transgene does not affect the dorsal 


@ RAB-3 © unc-6 cells 


* unc=5; 
Ex[PegI/-20::unc-6;Pmig-13::unc-5] 


Figure 3 | UNC-6/netrin is sufficient to exclude GFP::RAB-3 locally and 
acts through UNC-5. a, Endogenous UNC-6/netrin-expressing cells (beige). 
c, Ectopically expressed UNC-6/netrin (green). b, d, Representative wild- 
type L4 animal expressing GFP::RAB-3 in the absence (b) or presence (d) of 
ectopic UNC-6/netrin. e-g, Representative unc-5 mutant adults expressing 
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axon length of DA9 (Supplementary Fig. 12), it is unlikely that altered 
axonal outgrowth of DA9 leads to the enlarged asynaptic zone. We 
further observed that unc-5 mutants expressing the egl-20::unc-6/ 
netrin transgene do not have an enlarged asynaptic domain (Fig. 3e, 
f). In addition, the enlarged asynaptic domain is partly restored in 
unc-5 mutants expressing the mig-13::unc-5 transgene, demonstra- 
ting that UNC-5 acts cell-autonomously in DA9 to mediate ectopic 
UNC-6/netrin-induced exclusion of presynaptic components 
(Fig. 3g, h). 

The striking similarity between the displacement of presynaptic 
components induced by the egl-20::unc-6/netrin and egl-20::lin-44/ 
wnt transgenes’ suggests that UNC-6/netrin and LIN-44/Wnt can 
both exclude synapses. We observed that the asynaptic domains in lin- 
44/wnt(n1792);Ex[Pegl-20::unc-6/netrin] or lin-17/fz(n671);Ex[Pegl-20:: 
unc-6/netrin] mutants are significantly larger than those in lin-44/wnt or 
lin-17/fz mutants alone, suggesting that ectopically expressed UNC-6/ 
netrin is sufficient to rescue the mislocalization defect in lin-44/wnt and 
lin-17/fz mutants (Fig. 4a—e). We further observed a significant reduc- 
tion in penetrance of the mislocalization defects in unc-5 and unc-6/ 
netrin mutants expressing lin-44/wnt under the control of the unc-6 
promoter (Fig. 4f). If UNC-6/netrin and LIN-44/Wnt have similar func- 
tions, one might expect that unc-6/netrin,lin-44/wnt double mutants 
would have more severe mislocalization defects. However, these double 
mutants exhibit a fully penetrant guidance defect such that the DA9 axon 
turns posteriorly (data not shown), precluding analysis of presynaptic 
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GFP::RAB-3 with (f) or without (e) ectopic UNC-6/netrin or, alternatively, 
ectopic UNC-6/netrin with the mig-13::unc-5 transgene (g). Arrows, 
posterior end of dorsal axon; arrowheads, posterior border of presynaptic 
domain; brackets, dendrites; asterisks, cell bodies. Scale bar, 10 um. h, Error 
bars, s.e.m. (n > 50); ***P < 0.0001, t-test. 
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Figure 4 | UNC-6/netrin and LIN-44/Wnt function interchangeably. 

a-—d, Representative lin-44/wnt or lin-17/fz mutant adults expressing 
GFP::RAB-3 with (b, d) or without (a, c) ectopic UNC-6/netrin. Arrows, 
posterior end of dorsal axon; arrowheads, posterior border of presynaptic 
domain; brackets, dendrites; asterisks, cell bodies. Scale bar, 10 tm. e, Error 


localization. Collectively, these results suggest that UNC-6/netrin and 
LIN-44/Wnt play parallel roles in specifying the discrete presynaptic 
domain of DA9 by excluding presynaptic components from inappro- 
priate compartments (Fig. 4g). Ventrally secreted UNC-6/netrin 
excludes presynaptic components from the DA9 dendrite, whereas 
LIN-44/Wnt secreted by the tail hypodermal cells performs a similar 
function in the posterior segment of the DA9 dorsal axon. 

Here we demonstrate a novel role for UNC-6/netrin in providing 
spatial information for the exclusion of presynaptic components 
throughout development. Interestingly, UNC-6/netrin was recently 
shown to promote presynaptic formation in the amphid interneuron 
ATY in C. elegans”’. These opposing effects of UNC-6/netrin on pre- 
synaptic formation might be explained by the different receptors 
used: UNC-5 in DA9 and UNC-40/DCC in ATY. The roles of these 
receptors in synaptic polarization parallel their contrasting functions 
in axon guidance, with UNC-5 functioning in repulsion and UNC- 
40/DCC in attraction’”°. 

In addition to its well-characterized function in axon guidance, 
UNC-6/netrin was recently implicated in the initial polarization of 
the C. elegans hermaphrodite-specific neuron (HSN) neuronal cell 
body’. However, it is unclear whether UNC-6/netrin is required for 
later stages of neuronal polarity. Our findings suggest that UNC-6/ 
netrin and UNC-5 activity coordinate two temporally distinct func- 
tions in DA9: axons are first guided to the appropriate locations, and 
presynaptic components are later localized in a polarized manner. 
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bars, s.e.m. (n > 50). ***P < 0.0001, t-test. f, Error bars, standard error of 
proportion (n > 100); ***P < 0.0001; **P < 0.005; *P < 0.05; va test. 

g, Model for the roles of UNC-6/netrin and LIN-44/Wnt in subcellular 
patterning of presynaptic specializations in DA9. 


Consistent with this hypothesis, netrin is expressed in the adult mam- 
malian nervous system long after axon guidance is complete. 

The conventional view of synapse formation is that contact 
between synaptic partners triggers assembly of the pre- and post- 
synaptic apparatus through the interaction of adhesion molecules 
like neurexin/neuroligin, SynCAM and EphrinB/EphB receptor” 
across the synaptic cleft. However, extracellular cues such as mem- 
bers of the Wnt™”, fibroblast growth factor*® and bone morphogen 
protein” families can also promote synapse formation. Our studies 
in DA9 suggest that negative regulators also pattern synaptogenesis 
by inhibiting the accumulation of presynaptic components in inap- 
propriate subcellular domains. The UNC-6/netrin gradient is high 
ventrally and low dorsally’, encompassing the dendrite and ventral 
axon of DA9. The LIN-44/Wnt gradient is high posteriorly and low 
anteriorly”’, effectively reaching the ventral axon, commissure and 
posterior region of the DA9 dorsal axon. Signalling through inde- 
pendent receptors, both UNC-6/netrin and LIN-44/Wnt, excludes 
presynaptic components, setting negative constraints on presynaptic 
formation in DA9 and forcing synapses to form in a discrete domain 
within the DA9 dorsal axon (Fig. 4g). Thus, inhibitory factors play 
essential roles in patterning the subcellular distribution of synapses. 


METHODS SUMMARY 
Strains and genetics. Worms were raised on OP50 Escherichia coli-seeded nem- 
atode growth medium (NGM) plates at 22 °C. The following mutant strains were 
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obtained through the Caenorhabditis Genetics Center: CB271 unc-40(e271), 
MT1306 lin-17(n671)I, MT4051 lin-44(n1792)I, NW987_ unc-129(ev554)IV, 
MT464_ unc-5(e53)IV;dpy-11(e224) V;lon-2(e678)X, NW434  unc-6(ev400)X, 
CB620 lin-18(e620)X and CZ900 syd-2(ju37)X. TU218 mec-8(u218)I was pro- 
vided by M. Chalfie. N2 Bristol was used as the wild-type reference strain. 
Cloning and constructs. Expression clones were made in a derivative of 
pPD49.26 (A. Fire), the pSM vector (S. McCarroll and C. I. Bargmann, personal 
communication). The plasmids and strains wyIs85(Pitr-1 pB::gfp::rab-3), 
wyIs92(P mig-13::snb-1::yfp), wyEx403(Pitr-1 pB::cam-1::yfp), wyEx771(Pmig- 
13::gfp::ccb-1; Pmig-13::mcherry::rab-3) and wyIs75(Punc-47I::rfp; Pexp-1::gfp) 
(G. Maro and K.S., unpublished observations) were generated as previously 
described’. The following plasmids and strains were generated using standard 
techniques”: wyEx1902(Pitr-1 pB::mcherry), wyEx2055(Pitr-1 pB::gfp::syd-2; 
Pitr-1  pB::mcherry::rab-3), wyIs109(P mig-13::cfp::rab-3; Pmig-13::snb-1::yfp; 
Pmig-13::sng-1::mcherry), wyEx1054(Pitr-1 pB::unc-9::yfp), wyEx2396(Pitr-1 
pB::F35D2.3/fibrillin::yfp), wyEx2430(Pitr-1 pB::dys-1::yfp), wyEx1311(Pmig- 
13::unc-5#1), wyEx1485(P mig-13::unc-5#2), wyEx1498(Punc-5::unc-5::sl2::dsred), 
wyEx1228(Punc-5::unc-5),  wyEx2419(Pmig-13::mcherry; — Punc-5::unc-5#1), 
wyEx2418(Pmig-13::mcherry; Punc-5::unc-5#2), wyEx1277(Pitr-1 pB::unc-5::yfp), 
wyEx2306(P unc-5::intron::unc-5#1), wyEx2308(P unc-5::intron::unc-5#2), wyEx1904 
(Pegl-20::unc-6#1), wyEx1916(Pegl-20::unc-6#2), wyEx2093(Punc-6::lin-44#1) 
and wyEx2094(Punc-6::lin-44#2). We used the co-injection markers Podr- 
1:GFP or dsRED injected at 20ngpl~' or Pttx-3::CFP injected at 
50ngul'; transgenes were introduced into C. elegans as previously 
described”. 

Fluorescence microscopy and confocal imaging. Images of fluorescently tagged 
fusion proteins were captured in live C. elegans using a Plan-Apochromat 63 X/ 
1.4 objective on a Zeiss LSM510 confocal microscope. Worms were immobilized 
using 10mM levamisole (Sigma). Only animals with no detectable DA9 gui- 
dance defects were used for imaging and quantification, unless otherwise 
specified. 

Quantification of average asynaptic domain or dorsal axon length. Asynaptic 
domain length was quantified as previously described’. Animals in the mid-L4 
larval stage expressing a DA9-specific cytoplasmic marker (wyEx1902) were 
imaged using a Zeiss Axiophot with AxioCam/Axiovision digital imaging. As 
the DA9 dorsal axon extends slightly anterior to the vulva, the distance between 
the end of the axon and the vulva, a landmark for the mid-body, was measured. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 
Temperature shift experiments. Animals were either cultured at 16 °C or 25 °C 
for multiple generations before being shifted to a different temperature. 
Experimental animals in the L3 and early L4 larval stages were placed at 16 °C 
for three days or 25 °C for two days before the phenotype was analysed. Scoring 
was performed in gravid adults with normal DA9 guidance for all experiments. 
unc-5;mec-8 double mutants were analysed for experiments in Fig. 2d. It was later 
discovered that the temperature-dependent regulation of Ex[Punc-5::intron:: 
unc-5] was independent of the mec-8 mutation (Supplementary Fig. 8a). 
Constructs and transgenic worms. wyIs109: a Xmal—Nhel PCR fragment contain- 
ing cfp was subcloned into Pttx-3::rab-3 pSM obtained from Pttx-3::mcherry::rab-3 
(ref. 20) to make Pttx-3::cfp::rab-3. A Sphl—Ascl fragment containing Pmig-13 (ref. 3) 
was subcloned into cfp::rab-3 pSM derived from Pttx-3::cfp::rab-3 described above to 
make Pmig-13::cfp::rab-3. A Kpnl—Apal fragment containing mCherry obtained 
from Pmig-13::lin-17::mcherry’ was subcloned into Pmig-13::gateway pSM from 
Pmig-13::gateway::yfp’ to make Pmig-13::gateway::mcherry. The sng-1 entry clone 
was obtained from the ORFeome project (http://worfdb.dfci.harvard.edu/) and 
cloned into the destination vector Pmig-13::gateway::mcherry using the gateway 
strategy with LR clonase (Invitrogen) to make Pmig-13::sng-I::mcherry. Pmig- 
13::cfp::rab-3, Pmig-13::sng-1::mcherry and Pmig-13::snb-1::yfp’ were injected with 
Podr-1::gfp at 20ng ul | and integrated into chromosome V using trimethylpsor- 
alen/ultraviolet mutagenesis. cfp primers: 5’-TCCCCCGGGATGAGTAAAGGAGA 
AGAACTTTTCAC and 3’-CTAGCTAGCTTTGTATAGTTCATCCATGCCATG. 

wyEx2055: a Nhel—Kpnl fragment containing the syd-2 genomic sequence 
from Pgcy-8::mCherry::syd-2 was subcloned into Pitr-1 pB::gfp pSM to make 
Pitr-1 pB::gfp::syd-2; a Fsel—Ascl PCR fragment containing Pitr-1 pB was sub- 
cloned into mcherry::rab-3 pSM from Pglr-3::mcherry::rab-3. Pitr-1 pB::gfp::syd-2 
was injected at 0.5 ng wl | with Pitr-1 pB::mcherry::rab-3 at 10 ng wl” | with Podr- 
I:gfp at 20ngul | into N2 animals. Pitr-1 pB primers: 5'-GAAAGGGGCCG 
CCATCTATTCCAGAGTTCGTTCCCGAGC and 3’-CTTTCCGGCGCGCCC 
AATTCGTGTGCTTCCACCACCAC. 

wyEx1902: a Sphl—Ascl PCR fragment containing Pitr-1 pB was subcloned into 
mcherry::gateway from Pmig-13::mcherry::gateway. Pitr-1 pB::mcherry::gateway 
was injected at 5ng wl | with Podr-1::gfp at 20 ng ul | into N2 animals. Pitr-1 pB 
primers: 5’- (ref. 3) and 3'-GAAAAGGGCGCGCCCAATTCGTGTGCTTC 
CACCAC. 

wyEx1311, wyEx1485: a Kpni—Apal fragment containing the unc-5 3’ untrans- 
lated region (UTR) was subcloned into Pmig-13::snb-1 pSM and a Ascl—Kpnl 
PCR fragment containing the unc-5 genomic sequence was subcloned into Pmig- 
13::unc-5 3' UTR pSM. The Pmig-13::unc-5 plasmid was injected at 2ng pl! 
with Podr-I::gfp at 20ng ul! into unc-5;wyIs85 mutants. The two arrays are 
separate lines obtained in independent injections. Higher levels of the plasmid 
were toxic and there would be no germline transmission, whereas lower levels did 
not rescue the defect. unc-5 primers: 5’-GAAAGGGGCGCCGCCATG 
GACGAAATCACAATCACAACACAAC and 3'-GAAGGGGTACCAGTGGGG 
ACACAATTTGTGGAAAAGCTG; unc-5 3' UTR primers: 5’-GAAAGGGGT 
ACCGCTCAATTTTTTGCACAAACACAACTAG and 3’-GAAAGGGGGCC 
CCGGTCTTTCTGCATAGAAAATCGC. 

wyEx1498: an Ascl-Kpnl PCR fragment containing the unc-5 genomic 
sequence and a SphI—Ascl PCR fragment containing the Punc-5 were subcloned 
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into sl2 dsred pSM” to make Punc-5::unc-5::sl2::dsred. This plasmid was injected 
at 10ngpl! with Podr-1::gfp at 20 ng pl! into unc-5;lin-18;wyIs85 mutants. 

wyEx1228, wyEx2418, wyEx2419: a Sphi—Ascl PCR fragment containing Punc- 
5 was subcloned into unc-5::unc-5 3’ UTR from Pmig-13::unc-5::unc-5 3’ UTR. 
Punc-5::unc-5 was injected at 10 ng pl ' with Podr-1::gfp at 20 ng wl! into unc- 
5;wyls85 mutants (wyEx1228). Punc-5::unc-5 was injected at 8ngpl' with 
Pmig-13::mcherry::zateway at 8ngul-' with Podr-I::gfp at 20ngpl | into 
unc-5;wyIs85 mutants. wyEx2418 and wyEx2419 were two arrays obtained that 
had animals where UNC-5 was absent in DA9. Most of the other lines obtained 
had no animals where UNC-5 was absent in DA9. Punc-5 primers: 5'- 
GAAAGGGCATGCTGAGCTTTTCCAAACTAGAGAGCTTC and 3’-GAAAG 
GGGCGCGCCTACTGGAATAGAAATTATGATTAGTGACAAACTTG. 

wyEx1277: an EcoRI—Apal PCR fragment containing the unc-5 3’ UTR was 
subcloned into Pmig-13::snb-1::yfp pSM’ to make Pmig-13::snb-1::yfp::unc-5 
3'UTR. An Ascl-KpnlI PCR fragment containing the unc-5 genomic sequence 
(similar to wyEx1311) and a Sphl—Ascl PCR fragment containing Pitr-1 pB 
(similar to wyEx2055) were subcloned into unc-5 3’ UTR pSM derived from 
make Pmig-13::snb-1::yfp::unc-5 3' UTR. Pitr-1 pB::unc-5::yfp was injected at 
80 ng ul! with Podr-1::gfp at 20 ng pl | into N2 animals. unc-53' UTR primers: 
5'-GAAAGGGAATTCGCTCAATTTTTTGCACAAACACAACTAG and 3’- 
GAAAGGGGGCCCCGGTCTTTCTGCATAGAAAATCGC. 

wyEx1904, wyEx1916: a Sphl—Ascl PCR fragment containing Pegl-20 was sub- 
cloned into unc-6 pSM derived from Punc-6::unc-6 (ref. 20). The Pegl-20::unc-6 
plasmid was injected at 20ngpl”' with Pttx-3::cfp at 50ngpl ' into N2 
animals. The two arrays were separate lines obtained from one injection. Pegl- 
20 primers: 5’-GAAAGGGCATGCAAGTTTCCCTTTTATTTTTGAAGTCA 
TCC and 3’-GAAAGGGGCGCGCCTATTTCTGAAATTGAGATGTTTTAG 
AATTTC. 

wyEx2093, wyEx2094: an Ascl—Kpnl PCR fragment containing the lin-44 com- 
plementary DNA was subcloned into Punc-6 pSM derived from Punc-6::unc- 
6::mcherry’. The Punc-6::lin-44 plasmid was injected at 20ng ul! with Podr- 
I:gfpat 20 ng pl! into unc-5;wyls85 mutants. The two arrays were separate lines 
obtained in the same injection. lin-44 primers: 5’-GAAAGGGGCG 
CGCCATGCGAGCAGCTCCTTTTGATTTC and 3’-GAAAGGGGTACCTTAA 
AAAATTAGGCTTTTCGGCGGTG. 

wyEx2306, wyEx2308: an Ascl PCR fragment obtained from pAC13, a gift from 
M. Chalfie, containing mec-2 intron9 was subcloned into Punc-5::unc-5 (similar 
to wyEx1494). This plasmid was injected at 10ngpl~' with Podr-I::gfp at 
20ng ul | into unc-5;mec-8;wyls85 mutants. The two arrays were separate lines 
obtained from one injection. unc-5;wyIs85;wyEx2308 mutant animals were 
obtained by crossing unc-5;mec-8;wyIs85;wyEx2308 animals with N2 animals. 
mec-2  intron9 primers: 5'-GAAAGGGGCGCGCCCACCGCCTAAAGTG 
TAAGTTTTC and 3’-GAAAGGGGCGCGCCGACGGTGGCTCCTCACTGAA 
AAC. 

wyEx1054, wyEx2396, wyEx2430: the unc-9, F35D2.3 and dys-1 entry clones 
were obtained from the ORFeome project (http://worfdb.dfci.harvard.edu/) and 
cloned into the destination vector Pitr-1 pB::gateway::yfp’ using the gateway 
strategy with LR clonase (Invitrogen) to make Pitr-1 pB::unc-9::yfp, Pitr-1 
pB::F35D2.3::yfp and Pitr-1 pB::dys-1::yfp. These plasmids were then injected at 
10ngul' or 40ngul! (for dys-1) with Podr-I::dsRED or Podr-1::GFP at 
20 ng ul! into N2 worms. 
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STING is an endoplasmic reticulum adaptor that 
facilitates innate immune signalling 


Hiroki Ishikawa! & Glen N. Barber’ 


The cellular innate immune system is essential for recognizing 
pathogen infection and for establishing effective host defence. 
But critical molecular determinants responsible for facilitating 
an appropriate immune response—following infection with 
DNA and RNA viruses, for example—remain to be identified. 
Here we report the identification, following expression cloning, 
of a molecule (STING; stimulator of interferon genes) that appears 
essential for effective innate immune signalling processes. It com- 
prises five putative transmembrane regions, predominantly 
resides in the endoplasmic reticulum and is able to activate both 
NF-«B and IRF3 transcription pathways to induce expression of 
type I interferon (IFN-a and IFN-B ) and exert a potent anti-viral 
state following expression. In contrast, loss of STING rendered 
murine embryonic fibroblasts extremely susceptible to negative- 
stranded virus infection, including vesicular stomatitis virus. 
Further, STING ablation abrogated the ability of intracellular 
B-form DNA, as well as members of the herpesvirus family, to 
induce IFN-B, but did not significantly affect the Toll-like receptor 
(TLR) pathway. Yeast two-hybrid and co-immunoprecipitation 
studies indicated that STING interacts with RIG-I and with 
SSR2 (also known as TRAP), which is a member of the translo- 
con-associated protein (TRAP) complex required for protein 
translocation across the endoplasmic reticulum membrane 
following translation’’. Ablation by RNA interference of both 
TRAPB and translocon adaptor SEC61f was subsequently found 
to inhibit STING’s ability to stimulate expression of IFN-B. Thus, 
as well as identifying a regulator of innate immune signalling, our 
results imply a potential role for the translocon in innate signal- 
ling pathways activated by select viruses as well as intracellular 
DNA. 

Cellular host defence responses to pathogen invasion principally 
involve the detection of pathogen associated molecular patterns 
(PAMPs), such as viral nucleic acid or bacterial cell wall components 
(including lipopolysaccharide or flagellar proteins), that results in 
the induction of anti-pathogen genes**. For example, viral RNA 
can be detected by membrane bound TLRs present in the endoplas- 
mic reticulum (ER) and/or endosomes (for example, TLR3 and 
TLR7/8) or by TLR-independent intracellular DExD/H box RNA 
helicases, referred to as retinoic acid inducible gene 1 (RIG-I) or 
melanoma differentiation associated antigen 5 (MDAS, also referred 
to as IFIH1 and helicard)*"'®. Pathogen DNA can be recognized by 
TLR9 present in plasmacytoid dendritic cells, although it is now 
apparent that important TLR-independent pathways also exist to 
recognize DNA in alternative tissue, the mechanisms of action of 
which remain to be determined*. These events culminate in the 
activation of downstream signalling events, leading to the transcrip- 
tion of NF-KB and IRF3/7-dependent genes, including type I IFN. 

To further determine the mechanisms of innate immune signalling, 
we employed an expression screening system in which approximately 


5,500 human and 9,000 murine full length complementary DNAs 
were individually transfected into 293T cells harbouring a luciferase 
gene under control of the IFN-B promoter (IFN-B-Luc). The top five 
hits whose overexpression lead to the significant induction of IFN-f- 
Luc were found to be IPS-1 (also referred to as VISA/CARDIF/MAVS) 
(Supplementary Fig. 1)'*’*. However, we also isolated a previously 
uncharacterized molecule (gi:38093659/NP_938023/2610307008RIK) 
which we referred to as STING that harboured five predicted trans- 
membrane motifs (in humans) and existed as a 379 amino acid pro- 
tein in human cells and 378 amino acids in murine cells (Fig. la and 
Supplementary Fig. 1). A putative signal cleavage motif was found to 
exist at position 1-36 and a leucine rich region was apparent between 
amino acids 21 and 139 (Fig. 1 a). The predicted molecular weight of 
human STING was 42,192 Da, which approximately corresponded 
to its observed molecular weight in human 293 cells following 
immunoblot analysis using a rabbit antiserum raised to a STING 
peptide (Fig. 1 b). RNAi studies confirmed that the observed 
42 kDa band was indeed STING (Fig. 1b). STING was found to be 
ubiquitously expressed in a variety of tissues, as determined by north- 
ern analysis, and was found to predominantly reside in the ER region 
of the cell as determined by confocal microscopy and fractionation 
analysis (Fig. 1 c—e). 

Overexpression of STING in 293T cells was subsequently con- 
firmed to robustly induce the expression of the IFN promoter 
(IFN-B-Luc) by up to 400-fold, but not a control TK promoter driv- 
ing luciferase (pRL-TK), interferon regulatory factor 3 (IRF3) 
responsive promoters (PRD-III-I-Luc) up to 1,000-fold, an NF-«B 
responsive promoter (NF-«KB-Luc) 12-fold, and interferon-inducible 
promoters (interferon sensitive response element, ISRE-Luc) up to 
800-fold (Fig. 2 a—d). STING did not activate control promoters 
driving luciferase reporters such as those derived from the RB, p53 
or E2F genes (Supplementary Fig. 2). Increased dimerization of IRF3 
was also observed in STING expressing 293T cells, confirming that 
STING regulates the induction of type I IFN at locations upstream of 
IRF3 activation, dimerization and translocation (Supplementary Fig. 
2). Endogenous Ifnb mRNA and IFN-B protein was induced sig- 
nificantly in murine embryonic fibroblasts (MEFs) transiently trans- 
fected with STING (Fig. 2e, f). DNA microarray analysis of STING 
expression in 293T cells further emphasized STING’s ability to 
induce primary innate immune response genes (Fig. 2g). 
Accordingly, MEF cells expressing STING or IPS-1 were significantly 
resistant to vesicular stomatitis virus (VSV) infection (Fig. 2h, i). 
Subsequent analysis indicated that STING function was ablated in 
the absence of the IkB kinase family member TBK-1, confirming that 
STING’s activity involved activation of IRF3 and was indeed 
upstream of this kinase (Fig. 2 j)'°. Finally, we observed that 
STING did not exert robust activity in the absence of FADD, which 
has also been shown to be important for efficient innate immune 
signalling processes (Supplementary Fig. 2)'*. 
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Figure 1| STING is an ER protein. a, Schematic of human STING (hSTING) 
indicating transmembrane and leucine rich regions. b, Immunoblot analysis 
of STING in HEK 293 cells treated with RNAi to STING (hSTING) or 

control RNAi (NS). ¢, Northern blot analysis of human STING and control 
B-actin. d, Confocal analysis of HEK 293 cells (HEK) transfected with human 


We also established that while STING that had been tagged with 
HA at the carboxy region retained activity, this activity was lost when 
STING was tagged at the amino terminus or C terminus with GFP 
(data not shown). Subsequent analysis indicated that the N-terminal 
region of STING containing the five putative transmembrane regions 
(amino acids 1-230) or just the carboxyl region of STING (amino 
acids 173-379) did not exhibit significant ability, alone, to induce the 
IFN-B-Luc promoter (Fig. 2k, 1). Thus, full length, intact STING is 
required for efficient function. However, we further observed that the 
carboxyl region of STING exerted a dominant-negative inhibitory 
effect and could impede the ability of full-length STING to stimulate 
IFN-f-Luc (Fig. 2m). Collectively, these data indicate that expression 
of STING activates the innate immune response, including type I 
IEN, leading to the induction of an antiviral state. 

To further analyse STING function, we used an RNAi approach to 
ablate STING in a number of cell types. Our data indicated that 
knockdown of STING in HEK 293 cells modestly reduced the ability 
of the negative-stranded rhabdovirus VSV-GFP to induce IFN-B, 
presumably because these viruses are only weak activators of IFN-B 
(Supplementary Fig. 3). However, such cells were rendered extremely 
susceptible to virus infection and replication. To confirm a require- 
ment for STING in the regulation of type I IFN induction and in host 
defence, we generated STING deficient (Sting ’~) mice by targeted 
homologous recombination in embryonic stem (ES) cells 
(Supplementary Fig. 4). Sting ‘~ animals were born at the 
Mendelian ratio, and developed and bred normally. Accordingly, 
MEFs from wild-type and Sting ‘~ animals were infected with 
VSV-GFP at varying multiplicity of infection (m.o.i., 0.01-1) for 
up to 36h post infection. This study confirmed that more progeny 
virus was produced in MEFs lacking STING compared to controls 
(by a factor of 10°; 24-36 h) (Fig. 3a—d). These data was verified using 
VSV expressing a luciferase reporter gene and VSV-AM, which exhi- 
bits a defect in the viral matrix protein normally responsible for 
inhibiting cellular messenger RNA_ export from _ the 
nucleus'’(Supplementary Fig. 4 and Fig. 3e). Reconstitution of 
STING to Sting ‘~ MEFs rescued the susceptibility to VSV infection 
(Supplementary Fig. 4). Similar analysis also indicated that loss of 
STING also reduced the ability of Sendai virus to induce IFN-B 


STING tagged at the carboxyl end with HA. Transfected cells were also 
analysed using ER-dsRed, Mito Tracker Red or Golgi-dsRed. e, Fractionation 
experiments confirm that STING resides in the ER. Control antibodies 
indicate accuracy of fractionation (Calreticulin, ER; COX IV, mitochondria; 


B-actin, cytosol). 


(Fig. 3f). In contrast, we did not observe a strong requirement for 
STING to mediate the ability of transfected poly I:C to induce IFN-B 
induction, which is largely governed by the intracellular RIG-I 
homologue MDA5 (ref. 18) (Supplementary Fig. 5). We also 
observed that the positive-stranded encephalomyocarditis virus 
(EMCV), a member of the picornavirus family, did not effectively 
induce IFN-f or replicate differently, regardless of the presence of 
STING (Supplementary Fig. 5). 

Thus we conclude that STING may play a more predominant role 
in facilitating RIG-I mediated innate signalling, rather than MDAS. 
Interestingly, we did notice a significant defect (>5-fold) in the abil- 
ity of transfected B-form DNA (poly dA-dT) to induce IFN-B in 
MEFs lacking STING compared to controls (Fig. 3g, h). More strik- 
ingly, the non CpG containing interferon stimulatory DNA (ISD) 
was completely unable to induce IFN-f in Sting '~ MEFs, as were the 
DNA virus herpes simplex virus 1 and bacteria Listeria monocytogenes 
(Fig. 3i). TLR9 is considered to govern CpG DNA-mediated induc- 
tion of IFN-B, but is not active in MEFs'®”°. Thus, it is plausible that 
STING may function in TLR9-independent, DNA-mediated induc- 
tion of type I IFN. This effect was similarly observed in murine 
STING-lacking bone marrow derived macrophages (BMDM) or 
bone marrow derived dendritic cells (GM-DC) cultured using gran- 
ulocyte-monocyte colony stimulating factor (GM-CSF) 
(Supplementary Fig. 6). However, no significant difference was 
observed in the ability of exogenous poly I:C or lipopolysaccharide 
(LPS) to induce IFN-B, when comparing Sting ‘~ BMDMs or GM- 
DCs to controls, events which depend on TLR3 and TLR4, respect- 
ively. Whereas loss of STING rendered MEFs highly susceptible to 
VSV-GEP, less susceptibility was observed following VSV-GEP infec- 
tion of Sting '~ GM-DCs or BMDMs, indicating that STING may be 
more important in facilitating negative-stranded virus-mediated 
innate signalling in fibroblasts. Collectively, our data indicate that 
loss of STING leads to a defect in RIG-I mediated type I IFN induc- 
tion but does not affect the TLR pathway. In addition, we report that 
STING functions in the pathway used by intracellular B-form DNA 
to induce IFN-f. 

To further examine the mechanisms of STING’s function in innate 
signalling, we attempted to determine if STING interacted with RIG-I 
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Figure 2 | STING facilitates IFN induction. a, 293T cells were transfected 
with an IFN-B-Luc (p110-Luc) plasmid and increasing amounts of human 
STING (hSTING), murine STING (mSTING) or control ARIG-I. b-d, 293T 
cells transfected as in a with either PRD-III-I-Luc (b), NF-«B-Luc (¢) or 
ISRE-Luc (d) reporter plasmids were analysed similarly. e, MEFs were 
transfected as in a, and Ifnb mRNA was analysed by qRT-PCR. f, Medium 
from transfected MEFs was analysed for IFN-B protein by ELISA. 

g, Microarray analysis of 293T cells transfected with hSTING. h, MEFs 
transfected with STING or ARIG-I or IPS-1 are resistant to VSV-GFP 
infection (m.o.i., 1). Top panel is light microscopy, lower panel is fluorescent 
microscopy. i, Plaque assay from h. p.f.u., plaque-forming units. j, TBK-1 
deficient MEFs do not facilitate STING signalling. k, Schematic of hSTING 
variants. |, 293T cells were transfected as in a with hSTING or variants, and 
luciferase measured. m, 293T cells were transfected with STING and 
increasing amounts of full length STING (hSTING-Full), hSTING-N or 
hSTING-C with luciferase plasmids as in a. Asterisks indicate significant 
difference (P < 0.05) as determined by Student’s t-test. Error bars indicate 
s.d. 
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Figure 3 | Loss of STING affects host defence. a, qRT-PCR analysis of 
murine Sting mRNA in Sting ‘~ or control MEFs. b, Immunoblot of murine 
STING in —/— cells or controls. ¢, Fluorescence microscopy (GFP) of 
Sting ' ~ or controls infected with VSV-GFP (m.o.i., 0.1). d, Viral titres from 
c. e, Viral titres following VSV-AM infection. f, Endogenous IFN-f levels 
from Sting | ~ or controls after infection with VSV-GFP (m.o.i., 1) or Sendai 
virus (SeV; m.o.i., 1). g, Sting ‘~ MEFs or controls were treated with 
transfected B-DNA and IFN-f measured by ELISA. h, Time-course analysis 
of g. i, Sting | ~ or controls were exposed to transfected B-form DNA, 
interferon stimulatory DNA (ISD), ISD reversed nucleotide sequence 
(ISDR), Listeria monocytogenes (m.0o.i. 50) and HSV-1 (m.o.i. 5) for 12 h, and 
IFN-f measured by ELISA. Asterisks indicate significant difference 

(P < 0.05) as determined by Student’s t-test. Error bars indicate s.d. ND, not 
detectable. 


and MDAS, which are putative innate immune signalling receptors 
for negative- or positive-stranded viral RNA, respectively’*’°. Co- 

immunoprecipitation experiments in 293T cells principally indicated 
that FLAG-tagged RIG-I but not MDA5 could associate with HA- 
tagged STING in co-transfection experiments (Fig. 4a). The binding 
of RIG-I to STING was augmented upon infection of 293T cells with 
Sendai virus (Fig. 4a). We confirmed in normal human umbilical vein 
endothelial cells (HUVECs) that endogenous RIG-I could associate 
directly, or indirectly as a complex, with endogenous STING (Fig. 4b). 
This is in agreement with previous data indicating that STING seems 
to preferentially modulate the RIG-I, rather than the MDAS, regu- 
lated pathway (Fig. 3d and Supplementary Fig. 5). We also deter- 
mined that the CARD domains of RIG-I (amino acids 1-284) were 
preferentially able to associate with HA-STING in transfected 293T 
cells (Fig. 4c). RIG-I was subsequently shown to colocalize with 
STING in the co-transfected 293T cells (Fig. 4d). It was similarly 
observed that the carboxyl region of STING could inhibit the function 
of RIG-I, again indicating that this region of STING can exhibit a 
dominant-inhibitory effect (Fig. 4e). We also noted association of the 
RIG-I downstream adaptor IPS-1 with STING although, similarly to 
the situation with RIG-I, it is not yet clear whether IPS-1 directly 
interacts with STING or exists as a complex with RIG-I/STING 
(Supplementary Fig. 7). Accordingly, we observed that STING was 
able to induce the expression of an IFN-f driven luciferase construct 
in MEFs lacking RIG-I or IPS-1, probably confirming that that 
STING functions downstream of these latter molecules 
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Figure 4 | STING associates with the translocon. a, 293T cells were co- 
transfected with HA-STING, FLAG-RIG-I or MDAS and infected with 
Sendai virus (SeV; m.o.i. 1). Lysates were immunoprecipitated (IP) and 
immunoblotted (IB) using antibodies to HA or FLAG. b, Endogenous 
human STING associates with RIG-I in HUVECs. c, ARIG-I (amino acids 
1-284) and not RIG-I-C (amino acids 218-925) associate with STING in co- 
transfected 293T cells. d, Confocal image of 293T cells co-transfected with 
tagged STING and RIG-I. e, 293T cells were co-transfected with control 
vector (—) or increasing amounts of full-length, amino (amino acids 1-230) 
or carboxyl (amino acids 173-379) STING and ARIG-I, and IFN-B-Luc was 
measured. f, Control or Sting ‘~ MEFs were transfected with ARIG-I 
(amino acids 1-284) or IPS-1 and IFN-f was measured by ELISA. g, GAL4 
binding domain (BD) fused to the carboxyl region of hSTING, BD-hSTING- 
C, interacts with Ssr2/TRAPB fused to the GAL4 activation domain (AD- 
hTRAP§) in yeast-two hybrid screening (BD-hSTINGASP, amino acids 
36-369; BD-hSTING-C, amino acids 173-379). h, HEK 293 cells were 
transfected with FLAG-tagged TRAPB and endogenous STING or SEC61B 
measured by immunoblot. i, STING and TRAP were co-transfected HEK 
293 cells and analysis carried out as in h. j, Co-localization of STING and 
TRAP® in 293T cells. k, RNAi to TRAPB, SEC61f or SEC5 in HEK 293 cells 
ablates STING signalling. |, HA-STING associates with GFP-TBK-1 in co- 
transfected HEK 293 cells. Asterisks indicate significant difference 

(P < 0.05) as determined by Student’s t-test. Error bars indicate s.d. 
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(Supplementary Fig. 8). The ability of ARIG-I or IPS-1 to induce IFN- 
8 appeared diminished in Sting ‘~ MEFs (Fig. 4f). However, there 
was also a marked reduction in the induction of IFN-f by all trans- 
fected plasmids (including vector alone) in the absence of STING 
compared to control MEFs, probably because endogenous DNA 
innate signalling pathways are defective (Fig. 3g—i). These data indi- 
cate that STING may be an important downstream adaptor molecule 
that facilitates RIG-I and perhaps IPS-1 function. 

To gain further insight into the molecular mechanisms of the action 
of STING, we screened an IFN-induced, human fibroblast yeast two- 
hybrid cDNA library using STING (amino acids 173-379) as a bait and 
repeatedly isolated SSR2/TRAPB, a member of the TRAP complex 
comprising four subunits (#—A) that facilitates translocation of pro- 
teins into the ER following translation (Fig. 4g)”. The TRAP complex 
is known to associate with the translocon, comprising three subunits, 
SEC61a, SEC61B and SEC61y. Given this information, we confirmed 
that TRAP can indeed associate with endogenous STING in HEK 293 
cells following co-immunoprecipitation experiments (Fig. 4h). Using 
this approach, we confirmed that TRAP also co-immunoprecipitated 
with endogenous SEC61 (Fig. 4h). We next verified that STING could 
also associate not only with TRAPB but also SEC61f, probably as a 
complex (Fig. 4i). STING was also observed to colocalize with TRAPB 
in the ER region of the cell (Fig. 4j). Indeed, loss of TRAPB or SEC61B 
reduced STING’s ability to induce an IFN-B promoter driving lucifer- 
ase (Fig. 4k; Supplementary Fig. 9). Taken together, these data indicate 
that the STING may be involved in translocon function, and that the 
translocon may be able to influence the induction of type I IFN. 

Thus, STING is predominantly an ER resident protein that may 
link RIG-I and DNA-mediated intracellular innate signalling to the 
translocon. We speculate that RIG-I may detect translating viral 
RNAs at the intersection of ribosome/ER translocon association 
and require STING to exert effective function’. Alternatively, 
STING may participate in mediating ER stress response pathways, 
but this remains to be verified. Although it is not clear how signalling 
from the translocon to IRF3/NF-«B occurs, it has recently been 
established that the translocon physically associates with the exo- 
cyst—the octameric Sec6-Sec8 complex that also associates with 
the ER and tethers secretory vesicles to membranes, and facilitates 
protein synthesis and secretion*’”*. Recently, the exocyst complex 
was found to recruit and activate TBK1 and play a role in type I 
IFN-B induction”. Our preliminary analysis indicates that STING 
also co-immunoprecipitates with TBK1, and that RNAi ablation of 
Sec5 also rendered cells defective in the STING function (Fig. 4k, 1). 
Thus STING may facilitate the detection of intracellular viral RNA 
species as well as B-form DNA, indicating convergence of these intra- 
cellular PAMP recognition pathways. 


METHODS SUMMARY 

Plasmid constructs. Human STING (hSTING), murine STING (mSTING), 
hSTING-N (amino acids 1-230) and hSTING-C (amino acids 173-379) 
sequences were amplified by PCR and were cloned into pcDNA3 plasmids to 
generate C-terminally HA-tagged expression constructs. Expression plasmids 
encoding Flag-tagged RIG-I, ARIG-I (amino acids 1-284), IPS-1 and TBK-1 
were described previously**. GFP-tagged RIG-I and TBK-1 were generated by 
cloning into pAcGFP1-C1 (Clontech). Other plasmids were obtained as follows: 
pll0-Luc and PRD-III-I-Luc (T. Maniatis), IFN-B-Luc and ISRE-Luc (J. 
Hiscott), NF«B-Luc (Stratagene), ER-dsRED and Golgi-dsRED (Clontech). 
Antibodies. Rabbit polyclonal antibody against a synthetic peptide correspond- 
ing to residues 324-340 of human STING was obtained from EvoQuest Custom 
Antibody Services (Invitrogen). Other antibodies were obtained from following 
sources: SEC61f (Upstate), B-Actin, HA, FLAG (Sigma), COX IV, Calreticulin, 
IRF3 and RIG-I (Abcam). 

Confocal microscopy. ER-dsRED and Golgi-dsRED (Clontech) were used for 
ER and Golgi marker, respectively. For mitochondria staining, living cells were 
incubated with 300 nM of Mito Tracker Red (Invitrogen) for 45 min at 37 °C. 
RNA interference. Chemically synthesized 21-nucleotide siRNA duplexes were 
obtained from Dharmacon. RNA oligonucleotides used for human and murine 
STING were as follows: hSTING, GCAUCAAGGAUCGGGUUU; mSTING, 
CCAACAGCGUCUACGAGA. 
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Generation of the Sting knockout mice. The linearized targeting vector was 
electroporated into E14.1 ES cells originated from 129SvEv strain, followed by 
the selection in G418. One positive clone was injected into C57BL/6J blastocysts 
and Sting ‘~ mice generated on a C57BL/6] background. 

Yeast two-hybrid analyses. To screen for interacting partners of STING, a yeast 
two-hybrid approach was used, adopting a novel IFN-induced, telomerase 
immortalized human fibroblast cDNA library, generated by our laboratory. 
hSTING-C (amino acids 173-379) sequence was amplified by PCR and was 
cloned into pGBK-T7 (Clontech) to generate a bait plasmid pGBK-T7- 
hSTING-C. 100 1g of the IFN-induced library’s plasmid DNA was used to per- 
form a library-scale transformation of yeast strain Y187. 

Statistics. Students f-test was used to analyse data. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cells, viruses and reagents. 293T and HEK293 cells were obtained from the 
ATCC and were maintained in DMEM medium supplemented with 10% FBS. 
Human umbilical vein endothelial cells (HUVECs) were obtained from Lonza, 
and were maintained in endothelial growth medium, EGM-2 (Lonza). Fadd‘'*, 
Fadd '~, Tbk-1°'* and Tbk-1~'~ MEFs were provided by W.-C. Yeh'®. VSV- 
GFP was used in infections and titred as described'®. VSV-AM was constructed as 
described’’. Murine IFN-B ELISA Kit was obtained from PBL. EMCV was pur- 
chased from ATCC. Synthetic ds B-DNA (poly dA-dT) and poly I:C were pur- 
chased from GE Healthcare. Interferon stimulatory DNA (ISD) and reverse 
sequence of ISD were described previously”’. For stimulation of cells, B-DNAs 
or poly I:C were mixed with Lipofectamine 2000 (Invitrogen) at a ratio of 1:1 
(vol/wt), and then added to cells at a final concentration of 3 ug ml a 
Reporter analysis. 293T cells or MEFs seeded on 24-well plates were transiently 
transfected with 50 ng of the luciferase reporter plasmid together with a total of 
250 ng of various expression plasmids or empty control plasmids. As an internal 
control, 10 ng of pRL-TK was transfected simultaneously. Then, 36h later, the 
luciferase activity in the total cell lysates was measured. 

Northern blot. Human multiple tissue RNA blots (Clontech) were hybridized 
with a *’P-labelled full-length human STING probe. 

Real-time PCR. Total RNA was isolated from cells using the RNeasy RNA 
extraction kit (Qiagen) and cDNA synthesis was performed using 1 1g of total 
RNA (Roche). Fluorescence real-time PCR analysis was performed using a 
LightCycler 2.0 instrument (Roche Molecular Biochemicals) and TaqMan 
Gene Expression Assays (Applied Biosystems). Relative amounts of mRNA were 
normalized to the 18S ribosomal RNA levels in each sample. 

DNA microarray analysis. Total RNA was extracted from 293T cells transfected 
with STING expressing vectors. Preparation of cDNA and microarray analysis 
was performed at the W.M. Keck Foundation Biotechnology Research 
Laboratory DNA microarray facility at Yale University. The Human Genome 
U133 Plus 2.0 Array (Affymetrix) was used. Data analysis was performed with 
GeneSpring software (Silicon Genetics)'*. 

Mitochondria and ER fraction isolation. Mitochondria and ER membranes 
were purified on discontinuous sucrose gradients as previously described”. 
Briefly, HUVEC cells in MTE buffer (0.27M mannitol, 10mM Tris-HCl, 
0.1mM EDTA, pH 7.4) were lysed by sonication. Lysed cells were centrifuged 
at 700g for 10 min to remove nuclei and cellular debris. Mitochondria were 
obtained by centrifugation at 15,000g for 10 min, and post mitochondrial super- 
natant was used for purification of ER fractions. Mitochondria pellet was resus- 
pended in MTE buffer, and was layered on discontinuous sucrose gradients 
consisting of 1.0 M and 1.7 M sucrose and banded by centrifugation at 40,000g 
for 22 min. Mitochondria fraction was collected and pelleted by centrifugation at 
15,000¢ for 10 min. Purified mitochondria were resuspended in PBS and used for 
western blot analysis. To isolate ER fractions, postmitochondrial supernatant 
described above was layered on discontinuous sucrose gradients consisting of 
1.3.M, 1.5M and 2.0M sucrose, and banded by centrifugation at 100,000g for 
70 min. The ER fraction at the interface between the supernatant and the 1.3 M 
sucrose was collected, and pelleted by centrifugation at 100,000g for 45 min. The 
ER membranes were resuspended in PBS and were used for western blot analysis. 
RNA interference. 93T cells were plated on 24-well plates at 5 X 10* cells per well 
and transfected with 10 pmol of siRNA duplex per well using Lipofectamine 
RNAiMAX (Invitrogen). MEFs were transfected by using an Amaxa nucleofector 
apparatus (program A-023) and Amaxa MEF nucleofector kit 1 according to the 
manufacturer’s recommendations. At 72h after transfection, cells were used for 
further experiments. 

Primers. The following primers were used for cloning: hSTING forward, 5’- 
CCCAAGCTTGCCGCCACCATGCCCCACTCCAGCCTGC-3’; hSTING reverse, 


nature 


5'-CCCAAGCTTGCCGCCACCATGCCATACTCCAACCTGCATCC-3'; mSTING 
forward, CCGCTCGAGAGAGAAATCCGTGCGGAGAG; mSTING reverse, CCGC 
TCGAGGATGAGGTCA. 

The sequences of each siRNA oligonucleotide used in this study are follows: 
hSTING siRNA, 5’-GCAUCAAGGAUCGGGUUU-3’; mSTING siRNA, 5’- 
CCAACAGCGUCUACGAGA-3’;, SSR2_ siRNA, 5’-UCUCAAGGCUGGUU 
AUUU-3’, 5'-GUGGAACUAUCUGAUGAU-3’, 5’-CAUCUACAAUGUUG 
GCUC-3', 5'-AAACGAAGAAGAACUGAU-3’; hSEC61B siRNA, 5’-CAGUA 
UUGGUUAUGAGUC-3';  5'-GUUCGUAGAUUCAGUUAC-3’, 5'-GCUCA 
AAGUUGGCCCUGU-3’, 5'-CUGUAAGCUUGCUGUUUU-3’; SECS siRNA, 
5'’-CGUCACACCUUCCUAAAU-3', 5’-CGGCAUCUCUCCAAAUGA-3’, 5'- 
CAACAGGUGUCAGAAACU-3’, 5'-GAAAGGCGGUCUCAGUAC. 
Co-immunoprecipitation, native PAGE and immunoblot analysis. Cells were 
seeded on 100-mm dishes at 1 X 10° cells per dish. Cells were transfected with a 
total of 10,.g of empty plasmid or various expression plasmids using 
Lipofectamine 2000. At 36h after transfection, cells were lysed in M-PER buffer 
(Pierce) or 1% digitonin (Calbiochem) buffer (20mM _ Tris-HCl, 150mM 
NaCl, 1% digitonin) containing protease inhibitors (Roche). Lysates were 
incubated with HA affinity matrix (Covance) or FLAG affinity beads 
(Sigma) overnight. The beads were washed three times by TBS containing 
0.05% Tween-20 and immunoprecipitates were eluted with non-reducing sam- 
ple buffer by boiling for 5 min. For endogenous STING immunoprecipitation, 
HUVECs were lysed in 1% digitonin lysis buffer. Cleared supernatants were 
incubated with 101g of anti-STING antibody, followed by incubation with 
immobilized protein G (Pierce). The beads were washed four times by 1% 
digitonin lysis buffer and immunoprecipitates were eluted with SDS sample 
buffer by boiling for 5 min. Native PAGE and immunoblotting was carried out 
as previously described”. 

Generation of the Sting knockout mice. The linearized targeting vector was 
electroporated into E14.1 ES cells originated from 129SvEv strain, followed by 
the selection in G418. Targeted clones were screened by PCR. From 90 clones, 
1 positive clone was identified. This ES clone was subjected to the generation 
of chimaera mice by injection using C57BL/6] blastocysts as the host. The 
resulting male chimaeras were further mated with C57BL/6J female mice for 
germline transmission. The heterozygous mice (F, mice) were interbred to 
obtain wild-type, heterozygous and homozygous littermates (F,). The geno- 
types of the mice were determined by PCR. Animals were bred at the 
University of Miami School of Medicine Transgenic Core Facility. Mice were 
allowed to freely access to food and water and housed at an ambient temper- 
ature of 23°C and at a 12h light/dark cycle. Animal care and handling was 
performed as per IACUC guidelines. 

IEN induced library construction. To screen for interacting partners of STING, 
a yeast two hybrid approach was adopted using a novel IFN-induced, telomerase 
immortalized human fibroblast cDNA library. To construct this library, cells 
were treated overnight with 1,000 units each of human IFN-« and -f to induce 
interferon dependent genes. Poly(A) * RNA was extracted and cDNA synthesis 
was carried out using BD Powerscript RT (Clontech). The cDNA was then 
amplified by PCR, digested with Sfil and ligated to the yeast prey vector 
pGADT7-RecAB. The ligated mixture was transformed into Escherichia coli 
strain DH10B. The number of independent clones in the unamplified library 
was estimated to be 3.2 X 10°, with an average size of 1.52 kb and inserts ranging 
in size from 0.8 to 3.0kb. 15 independent colonies were isolated and DNA 
extracted to check for size by PCR. 


25. Mavinakere, M. S. et al. Processing of human cytomegalovirus UL37 mutant 
glycoproteins in the endoplasmic reticulum lumen prior to mitochondrial 
importation. J. Virol. 80, 6771-6783 (2006). 
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Modelling Myc inhibition as a cancer therapy 
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Myc is a pleiotropic basic helix-loop-helix leucine zipper tran- 
scription factor that coordinates expression of the diverse intra- 
cellular and extracellular programs that together are necessary for 
growth and expansion of somatic cells’. In principle, this makes 
inhibition of Myc an attractive pharmacological approach for 
treating diverse types of cancer. However, enthusiasm has been 
muted by lack of direct evidence that Myc inhibition would be 
therapeutically efficacious, concerns that it would induce serious 
side effects by inhibiting proliferation of normal tissues, and prac- 
tical difficulties in designing Myc inhibitory drugs. We have 
modelled genetically both the therapeutic impact and the side 
effects of systemic Myc inhibition in a preclinical mouse model 
of Ras-induced lung adenocarcinoma by reversible, systemic 
expression of a dominant-interfering Myc mutant. We show that 
Myc inhibition triggers rapid regression of incipient and 
established lung tumours, defining an unexpected role for endo- 
genous Myc function in the maintenance of Ras-dependent 
tumours in vivo. Systemic Myc inhibition also exerts profound 
effects on normal regenerating tissues. However, these effects 
are well tolerated over extended periods and rapidly and com- 
pletely reversible. Our data demonstrate the feasibility of targeting 
Myc, a common downstream conduit for many oncogenic signals, 
as an effective, efficient and tumour-specific cancer therapy. 

Myc is deregulated and overexpressed in most cancer cells, where it 
hijacks the diverse intracellular and extracellular regenerative 
programs that drive normal cell expansion. Consistent with this, 
de-activation of Myc in established, Myc-induced transgenic 
tumours triggers proliferative arrest and re-differentiation of tumour 
cells, and collapse of the tumour microenvironment and vasculature, 
usually resulting in rapid tumour regression” ’. Although this indi- 
cates that Myc might be a good therapeutic target, there are caveats. 
First, Myc exerts its biological influence through protein-protein and 
protein—DNA interactions that have proven difficult to disrupt with 
small molecules. Second, aberrant Myc expression in most human 
cancers is usually not due to mutation in the Myc gene itself but a 
consequence of its induction by ‘upstream’ oncogenic signals. The 
therapeutic utility of inhibiting Myc when its aberrant expression is a 
consequence, not a cause, of oncogenesis is unclear. Finally, Myc is 
essential for proliferation and stem cell compartment maintenance of 
regenerative adult tissues such as the gastrointestinal tract, skin and 
bone marrow. Hence, blocking Myc function systemically might 
trigger devastating and irreversible side effects. Together, such con- 
cerns greatly undermine the credibility of Myc inhibition as an anti- 
cancer strategy. 

Myc-dependent transactivation requires heterodimerization with 
its bHLHZip partner protein Max*'®. Dimerization with Max is also 
essential for Myc proliferative and oncogenic functions*'' and its 
inhibition has been shown to have potential therapeutic value’*”’. 
To model both the therapeutic impact and side effects of Myc inhibi- 
tion in vivo, we constructed a mouse in which endogenous Myc 


function may be systemically and reversibly inhibited in tissues of 
adult animals through inducible expression of the dominant inter- 
fering Myc bHLHZip dimerization domain mutant Omomyc. 
Omomyc has four designed amino acid substitutions that facilitate 
homodimerization with all three oncogenic Myc proteins (c-Myc, 
N-Myc and L-Myc) but result in little, if any, interaction with Mad 
proteins. Omomyc dimerization denies Max access to Myc'* and, 
because Myc-Omomyc heterodimers cannot bind Myc—Max E-box 
consensus recognition elements, it efficiently blocks Myc-dependent 
transcriptional activation’. Omomyc expression reverses Myc- 
induced transformation in vitro’? and Myc-driven tumorigenesis in 
vivo'®. 

We conditionally expressed Omomyc using the highly promis- 
cuous cytomegalovirus (CMV) early promoter, which drives rela- 
tively high levels of expression in multiple tissue types'’’. The 
Omomyc coding sequence was placed downstream of a tetra- 
cycline-responsive promoter element (TRE) and mice harbouring 
the TRE-Omomyc transgene were then crossed into a background 
expressing the rtTA transactivator from the CMV early promoter”. 
Omomyc expression was then induced in TRE-Omomyc; CMVrtTA 
double transgenic animals by administration of doxycycline in their 
drinking water. Real-time polymerase chain reaction with reverse 
transcription (RT-PCR) confirmed that Omomyc expression was 
detectable in all tested tissues of TRE-Omomyc;CMVrtTA double 
transgenic mice on doxycycline treatment, and was absent from both 
TRE-Omomyc and CMVrtTA single transgenic mice, as well as TRE- 
Omomyc;CMVrtTA double transgenic mice not treated with doxycy- 
cline (data not shown). Despite some variation between different 
tissues, steady-state Omomyc mRNA levels were demonstrably higher 
than those of endogenous c-myc in most tissues (intestine, kidney, 
pancreas, heart and lung) and comparable in the rest (for example, 
spleen and skin) (Supplementary Fig. 1). 

To ascertain the therapeutic potential of inhibiting endogenous 
Myc function in cancer, we chose a well-characterized and validated 
lung cancer mouse model in which tumorigenesis is initiated by 
oncogenic activation of endogenous Kras*'”’, a common mutation 
in human non-small-cell lung cancers. Kras is activated in this LSL- 
Kras@'”? model by inhalation of adenovirus expressing Cre recom- 
binase, which sporadically excises a transcriptional stop element in 
bronchioalveolar duct junction (BADJ) epithelial cells, triggering 
expression of oncogenic Kras@'” driven from the endogenous 
Kras promoter’. Tumorigenesis involves development of hyperpla- 
sia/adenoma 4—6 weeks after Kras activation followed by sporadic 
progression of some lesions to adenocarcinoma. The resulting mouse 
lung tumours closely resemble their human counterparts’. To 
assess the contribution of endogenous Myc to the initiation, early 
and late phases of Kras-induced lung tumorigenesis, we crossed 
switchable TRE-Omomyc;CMVrtTA mice into the heterozygous 
LSL-Kras'?? lung cancer model. To ascertain whether inhibition 
of Myc prevents initiation of Kras°!*?-induced lung tumours, 
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Figure 1| Endogenous Myc function is required for formation and 
maintenance of early-stage Kras-induced lung hyperplasias/adenomas. 
a, Representative haematoxylin-and-eosin-stained sections of lungs from 
CMVrtTA single transgenic mice (CMVrtTA +doxycycline), untreated 
Kras;TRE-OmomycCMVrtTA triple transgenic mice (Kras;TRE- 
Omomyc;CMVrtTA — doxycycline) and doxycycline-treated LSL-Kras;TRE- 
Omomyc;CMVrtTA triple transgenic mice (Kras; TRE-Omomyc;CMVrtTA 
+doxycycline), 4 weeks after infection with adenoviral Cre. Hyperplastic 
lesions are indicated by black arrowheads. b, Graphical representation of 
total BADJ cells scored as proliferating (Ki67-positive). Error bars represent 
standard deviation derived from approximately 100 BADJs per mouse. At 
least three mice were used per series. ¢, Myc inhibition triggers regression of 
early-stage lung adenomas. Haematoxylin and eosin staining of lungs from 
mice treated or not with doxycycline for 1 week, starting 6 weeks after Cre- 
recombinase-expressing adenovirus infection, is shown. A small adenoma is 
indicated by black arrowheads. d, TUNEL staining reveals positive cells in 
Omomyc and Ras co-expressing samples (Kras; TRE-Omomyc;CMVrtTA 
+doxycycline), but not in untreated or single transgenic controls 
(Kras;TRE-Omomyc;CMVrtTA —doxycycline and CMVrtTA + doxycycline). 
Higher magnification of positive cells is shown in the insert on the right. 
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5 X 10” plaque-forming units (p.f.u.) of Cre-recombinase-expressing 
adenovirus was administered intranasally to LSL-Kras;TRE- 
Omomyc;CMVrtTA mice and Omomyc induced after 24 h and there- 
after maintained for 4 weeks. Mice were then killed and lung mor- 
phology, cell proliferation and apoptosis assessed 
immunohistochemically. For simplicity, only representative controls 
are shown: doxycycline-treated CMVrtTA mice exemplify all strains 
lacking an activatable Kras@'?? allele, whereas untreated LSL- 
Kras;TRE-Omomyc;CMVrtTA mice represent all strains of mice with 
activated Kras!*? but no Omomyc. All mice expressing Kras@!”? 
without Omomyc (Fig. la, LSL-Kras;TRE-Omomyc;CMVrtTA 
—doxycycline) developed multiple hyperplasias and atypical 
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Figure 2 | Myc inhibition elicits regression of established lung tumours. 
a, Haematoxylin-and-eosin-stained lungs from control CMVrtTA single 
transgenic mice (CMVrtTA +doxycycline), Kras@'??-expressing mice 
(Kras;TRE-Omomyc;CMVrtTA — doxycycline) and 3- or 6-day-treated 
Kras@!? and Omomyc co-expressing mice (Kras; TRE-Omomyc;CMVrtTA 
+doxycycline) 18 weeks after infection with adenovirus expressing Cre 
recombinase. An example of a frank tumour is shown from a mouse 
expressing Kras“!?? only (Kras;TRE-Omomyc;CMVrtTA — doxycycline). 
b, BrdU staining shows a considerable reduction in BrdU-positive cells in 
Kras©!?? and Omomyc co-expressing mice (Kras; TRE-Omomyc;CMVrtTA 
+doxycycline) compared with tissues from mice expressing Kras“!* only 
(Kras;TRE-Omomyc;CMVrtTA — doxycycline). ¢, TUNEL staining indicates 
the presence of apoptotic cells in Omomyc and Kras®'”” co-expressing 
sections (Kras;TRE-Omomyc;CMVrtTA +doxycycline), but not in 
untreated or single transgenic control tissues (Kras;TRE- 
Omomyc;CMVrtTA —doxycycline and CMVrtTA +doxycycline). 

d, Haematoxylin and eosin staining of lung tissue from mice treated for 

4 weeks with doxycycline shows clearance of tumour lesions as a 
consequence of Omomyc expression (compare Kras;TRE- 
Omomyc;CMVrtTA +doxycycline with Kras;TRE-Omomyc;CMVrtTA 
—doxycycline). 
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adenomatous hyperplasias (present in 33 + 5.2% of total scored 


together with Omomyc (LSL-Kras;TRE-Omomyc; 
CMVrtTA + doxycycline). Overall, Omomyc expression significantly 
suppressed the fraction of cells proliferating (Ki67-positive) at the 
BADJs (Fig. 1b), consistent with the notion that endogenous Myc is 
required for proliferation of Kras@'”?-induced early-stage tumour 
cells. No apoptotic (TdT-mediated dUTP nick end labelling 
(TUNEL)-positive) cells were present in the BADJs of lungs from 
mice in any of the test or control groups (data not shown). 

To assess the impact of blocking endogenous Myc on maintenance 
of early-stage Ras-induced lung adenomas, Kras“'*? was activated in 
LSL-Kras;TRE-Omomyc;CMVrtTA mice and nascent tumours 
allowed to develop for 6 weeks. Representative mice from cohorts 
of all strains were then killed and examined histologically. All mice 
harbouring activated Kras°!?” exhibited multiple bronchiolar hyper- 
plasias and adenomatous hyperplasias (present in 48.7 + 6% of total 
BADJs). Doxycycline was then administered to one-half of the 
remaining mice for 1 week. Myc inhibition elicited marked shrinkage 
of lesions and reduction in their multiplicity (identifiable lesions 
were observed only in 1.7 + 0.8% of BADJs) (Fig. 1c). Consistent 
with the involution of adenomas, we noted significant apoptosis in 
the residual lesions of mice expressing Omomyc (5.7 + 2.5% of total 
cells). Apoptosis was negligible in control LSL-Kras;TRE- 
Omomyc; CMVrtTA mice in which Omomyc expression had not been 
induced (0.001%; Fig. 1d). As in the above prevention study, Myc 
inhibition profoundly reduced the overall numbers of proliferating 
cells at the BADJs (data not shown). 

The induction of apoptosis by Myc inhibition in early-stage Kras- 
induced lung adenomas suggests that, in addition to proliferation, 
endogenous Myc is required to maintain survival of early-stage 
Kras“!??-induced lung tumours. To ascertain whether the same 
holds true for ‘advanced’ Kras-induced tumours, Kras“!? was spor- 
adically activated in lungs of LSL-Kras; TRE-Omomyc;CMVrtTA mice 
and tumours allowed to evolve for 18 weeks. At this time, all repres- 
entative animals exhibited many neoplastic lesions (present in 
89 + 6.2% of total BADJs), with some large and highly vascularized 
adenocarcinomas, as described**. Endogenous Myc function was 
then inhibited in one-half of each cohort and groups of three mice 
each killed 3, 6 and 28 days later. After only 3 days of sustained Myc 
inhibition, histological analysis of lungs revealed marked shrinkage 
of tumours (Fig. 2a). By 6 days we noted a significant reduction in the 
proliferation of bronchioalveolar epithelial cells (1.7 + 0.7% 5-bro- 
modeoxyuridine (BrdU)-positive cells in BADJs of mice co-expres- 
sing Omomyc and Kras“'*? versus 4.8 + 2.2% BrdU-positive cells in 
mice expressing activated Kras“'*” alone, and 0.9 + 0.3% BrdU-pos- 
itive cells in Kras'*?-negative mice; Fig. 2b) accompanied by a 
significant increase in expression of the senescence marker SA-B- 
galactosidase (data not shown). In addition, we noted significant 
apoptosis in regressing tumours of Omomyc-expressing mice 
(5.8 + 1.3% TUNEL-positive cells versus ~0.001% in Omomyc 
negative controls; Fig. 2c). By 28 days of sustained Myc blockade, 
lungs of animals appeared to be free of obvious tumours with only 
scattered foci of atypical cells at the BADJs (Fig. 2d). Moreover, 
during this extended period of Omomyc expression we did not detect 
any occasional tumours that failed to regress and/or continued to 
grow, even though each animal developed multiple (hundreds) dis- 
crete tumours. Thus, endogenous Myc function is continuously 
required for proliferation and survival of incipient, early and 
advanced Kras“!*?-driven lung tumours in vivo. We do not yet know 
if Myc inhibition eradicates all the tumours. However, experiments 
are underway to monitor for relapse and, should some or all re-grow, 
for the susceptibility of resurgent tumours to further rounds of Myc 
inhibition. 

Myc has an essential role in the proliferation of all normal cells, 
raising the possibility that systemic Myc inhibition would trigger 
severe side effects, especially in continuously proliferating tissues. 
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Therefore, to explore the impact of systemic Myc inhibition on nor- 
mal tissues, Omomyc-inducible double transgenic (TRE- 
Omomyc;CMVrtTA) mice were treated continuously with doxycy- 
cline for 4weeks and monitored throughout. Over this extended 
period, general health and activity of doxycycline-treated TRE- 
Omomyc;CMVrtTA mice appeared indistinguishable from that of 
non-Omomyc-expressing controls (Omomyc-negative TRE- 
Omomyc and CMVrtTA single transgenic mice), with no significant 
changes in body weight, general activity or blood chemistry 
(Supplementary Fig. 2 and Supplementary Table 3). After 4 weeks, 
animals were killed and organs examined. We observed no discern- 
ible histological changes in any adult organs with low proliferative 
indices (for example, pancreas, kidney, liver, heart or lung) (data not 
shown). However, tissues exhibiting rapid turnover were signifi- 
cantly affected. The basal layer of skin epidermis exhibited marked 
reduction of proliferating cells (12.6+3.7% of total cells in 
Omomyc-expressing skin versus 28.5 + 5.5% of basal layer cells in 
controls) and thinning of the epidermis (Fig. 3a). Furthermore, hair 
re-growth after shaving was completely inhibited (Supplementary 
Fig. 3). Nonetheless, Myc inhibition induced no apoptosis, aberrant 
differentiation or loss of tissue integrity and mice exhibited no signs 
of skin tearing, ulceration or evident discomfort, even after 8 weeks of 
sustained Omomyc expression. In testis, Myc inhibition induced 


a CMVntTA 
+ doxycycline 


TRE-Omomyc;CMVnTA 
+ doxycycline 


100 um 
TRE-Omomyc; CMVritTA TRE-Omomyc; 
CMVntTA + doxycycline CMVntTA 
- doxycycline + doxycycline 


Figure 3 | Inhibition of endogenous Myc suppresses proliferation in skin, 
testis and GI tract. a, Anti-Ki67-stained sections of epidermis from 4-week 
doxycycline-treated TRE-Omomyc;CMVrtTA mice and CMVrtTA single 
transgenic controls. b, Anti-Ki67-stained sections of testis from 4-week 
doxycycline-treated TRE-Omomyc,CMVrtTA mice show reduced 
proliferation in seminiferous tubules of doxycycline-treated TRE- 
Omomyc;CMVrtTA mice compared with Omomyc-negative controls. 

c, Haematoxylin-and-eosin-stained small intestine sections show blunted 
villi in TRE-Omomyc;CMVrtTA mice treated for 4 weeks with doxycycline 
(TRE-Omomyc;CMVrtTA + doxycycline) compared with intestine from 
untreated TRE-Omomyc;CMVrtTA and doxycycline-treated CMVrtTA 
single transgenic (CMVrtTA + doxycycline) controls. 
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dramatic atrophy marked by loss of spermatogonia and spermato- 
cytes (Fig. 3b) and some inhibition of cell proliferation (32.7 + 1.8% 
of total luminal cells in cycle in Omomyc-expressing mice versus 
42.3% + 3.7% Ki67-positive cells in control mice). We also observed 
a significant reduction in proliferation in the intestinal crypts (not 
shown) and striking attrition of villi in the small intestine (Fig. 3c). As 
with skin, Myc inhibition induced no increase in apoptosis or per- 
turbation of differentiation, and integrity of the epithelium was 
maintained. Remarkably, all animals retained normal weight, hydra- 
tion and blood chemistry, confirming maintenance of adequate 
intestinal absorption and barrier function against bacterial incursion 
(Supplementary Fig. 2 and Supplementary Table 1). 

Despite its widespread activity in most adult tissues, the CMV early 
promoter functions only weakly in many haematopoietic lineages”®, 
precluding its use in modelling the collateral impact of Myc inhibi- 
tion on bone marrow and lymphoid function. We therefore made use 
of a complementary model in which doxycycline-dependent express- 
ion of Omomyc is driven from the B-actin promoter, which is ubi- 
quitously active in haematopoietic lineages and the stem cell 
compartments of most tissues, including skin and bone marrow™*”’. 
Induction of Omomyc in TRE-Omomyc;fh-actin-rtTA mice recapitu- 
lated the Omomyc phenotypes in skin, gut and testis (Supplementary 
Fig. 4 and data not shown) and induced profound inhibition of 
proliferation in bone marrow (50% reduction of BrdU incorporation 
after lweek) plus rapid onset of anaemia and leucopenia 
(Supplementary Table 2). However, by 2 weeks of sustained Myc 
inhibition, blood counts had returned close to normal levels, aside 
from mild polycythaemia (Supplementary Table 2). This recovery 
coincided with onset of extramedullary haematopoiesis in the spleen, 


a TRE-Omomyc; TRE-Omomyc; 
CMVntTA CMVnAtTA 
+ 4 weeks doxycycline + 4 weeks doxycycline 
+1 week off 


Days off 


Figure 4 | The degenerative phenotypes induced by systemic Myc 
inhibition are rapidly and completely reversible on restoration of Myc 
function. Myc transactivation function was blocked for 4 weeks by sustained 
Omomyc expression. Doxycycline was then withdrawn for 1 week. a, Ki67 
staining indicates rapid recovery of cell proliferation in skin. b, Rapid recovery 
of spermatogenesis in seminiferous tubules. Haematoxylin-and-eosin-stained 
sections from Omomyc-expressing testis (left panel) and the same tissue 

1 week after discontinuing Omomyc expression (right panel) are shown. 

c, Rapid recovery of intestinal villus architecture in TRE-Omomyc;CMVrtTA 
mice after restoration of Myc function. After 4 weeks of sustained Omomyc 
expression, doxycycline treatment was discontinued and cohorts of mice 
killed each day for 5 days after doxycycline withdrawal. Representative 
haematoxylin-and-eosin-stained sections are shown for each time point. 


682 


NATURE|Vol 455|2 October 2008 


primarily in the erythroid and megakaryocytic lineages 
(Supplementary Fig. 4). Throughout, all animals showed no overt 
signs of ill health or distress. 

Myc is crucial for the maintenance of stem cell compartments and 
the balance between self-renewal and differentiation in multiple tis- 
sues, including the skin and intestinal crypts**”’. This raised the issue 
of whether even transient Myc inhibition might trigger irreversible 
changes in sensitive tissues, undercutting the therapeutic practicabil- 
ity of Myc inhibition therapy. Therefore, to assess the reversibility of 
Omomyc-induced tissue attrition, TRE-Omomyc;CMVrtTA mice 
were treated with doxycycline for 4. weeks. Doxycycline was then 
withdrawn to restore endogenous Myc function, and the status of 
affected tissues was followed over time. Within only 1 week of dox- 
ycycline withdrawal, cell proliferation had returned to pre-Omomyc 
levels in the basal layer of skin epithelium (Fig. 4a), hair re-growth re- 
initiated, and thereafter mice revealed no discernible deficits in any 
aspect of skin biology (data not shown). Likewise, testis rapidly 
recovered its full complement of spermatogenic cells including 
mature sperm (Fig. 4b). In the small intestine, villus length was 
restored within only 4—5 days (Fig. 4c). Long-term (~1 yr) obser- 
vation of such mice has revealed no discernible pathology in any 
tissue. Thus, although systemic suppression of Myc activity has pro- 
found effects on proliferating somatic tissues, these effects are well 
tolerated, without any discernible negative impact on animal well- 
being and, moreover, they are completely reversible. 

Why Myc inhibition should trigger viable arrest in normal tissues 
but apoptosis in tumours is unclear. Perhaps sustained flux through 
endogenous Myc is needed to support the increased metabolic and 
biosynthetic demands made by oncogenic Ras signalling. 
Endogenous Myc may, like its oncogenic counterpart, also be essen- 
tial for maintenance of the tumour microenvironment”. Whatever 
the underlying mechanism, our studies suggest that pharmacological 
inhibition of Myc offers both specificity and efficacy in the treatment 
of neoplastic disease. 


METHODS SUMMARY 

Transgene construction and generation of mice. Omomyc cDNA was cloned 
into the pTRE2 plasmid (Clontech). The TRE-Omomyc transgene was microin- 
jected into the male pronucleus of day-1-fertilized (CBA X C57BL/6) F, embryos, 
which were transferred into day-1-plugged pseudopregnant foster mice. 
CMVrtTA mice were obtained from the Jackson Laboratory 
(Tg(rtTAhCMV)4Bjd/J). LSL-Kras??” mice were gifts from T. Jacks and the 
f-actin-rtTA+ mice from S. Artandi. Excision of the STOP element was triggered 
by infection with a Cre-recombinase-expressing adenovirus (5X 10’ p.fu.)”. 
Doxycycline (2mg ml ' plus 5% sucrose) was added to drinking water. All mice 
were treated in accordance with protocols approved by the Institutional Animal 
Care and Use Committee at UCSF (IACUC approval number AN076148). 
Histology and immunohistochemistry. Tissues were stained with haematoxylin 
and eosin. For antigen retrieval, sections were boiled for 1 min in 0.01 M citrate 
buffer (pH 6.0). Primary antibody (anti-Ki67 (Neomarkers)) was applied in 
blocking buffer for 2h. Incorporated BrdU and apoptotic cells were identified 
with the BrdU Detection kit II (Roche) and Apoptag kit (Chemicon). HRP- 
conjugated secondary antibodies (Dako and Molecular Probes) were applied 
for 30 min and visualized with DAB (Vector Laboratories). Cell proliferation 
was quantified by scoring Ki67-positive cells as a proportion of total cells at the 
BADJs in lung tissue (approximately 100 BADJs per mouse), as a percentage of 
total basal cells in skin (at least 600 total cells per mouse), and as a proportion of 
total cells in each seminiferous tubule in testis (approximately 80 tubules per 
section). At least three mice were used for every experimental condition and 
genotype (Supplementary Table 3). 

Determination of mRNA levels using real-time PCR. Real-time quantitative 
RT-PCR (TaqMan) was used to quantify mRNA levels. Total RNA was isolated 
using Trizol reagent (Gibco). Total RNA (1 ug) was reverse transcribed using the 
iScript cDNA synthesis kit (Bio-Rad). The Gus gene was used as an internal 
amplification control. 
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Eukaryotic initiation factor 6 is rate-limiting in 
translation, growth and transformation 


Valentina Gandin’, Annarita Miluzio', Anna Maria Barbieri’, Anne Beugnet!, Hiroaki Kiyokawa’*, 


Pier Carlo Marchisio!** & Stefano Biffo'* 


Cell growth and proliferation require coordinated ribosomal bio- 
genesis and translation. Eukaryotic initiation factors (eIFs) con- 
trol translation at the rate-limiting step of initiation’. So far, only 
two eIFs connect extracellular stimuli to global translation rates’: 
eIF4E acts in the eIF4F complex and regulates binding of capped 
messenger RNA to 40S subunits, downstream of growth factors*”, 
and elF2 controls loading of the ternary complex on the 40S sub- 
unit and is inhibited on stress stimuli®’. No eIFs have been found 
to link extracellular stimuli to the activity of the large 60S ribo- 
somal subunit. eIF6 binds 60S ribosomes precluding ribosome 
joining in vitro*'°. However, studies in yeasts showed that eIF6 
is required for ribosome biogenesis rather than translation’. 
Here we show that mammalian eIF6 is required for efficient ini- 
tiation of translation, in vivo. eIF6 null embryos are lethal at pre- 
implantation. Heterozygous mice have 50% reduction of eIF6 
levels in all tissues, and show reduced mass of hepatic and adipose 
tissues due to a lower number of cells and to impaired G1/S cell 
cycle progression. eIFo*’~ cells retain sufficient nucleolar eIF6 
and normal ribosome biogenesis. The liver of elF6*'~ mice dis- 
plays an increase of 80S in polysomal profiles, indicating a defect 
in initiation of translation. Consistently, isolated hepatocytes have 
impaired insulin-stimulated translation. Heterozygous mouse 
embryonic fibroblasts recapitulate the organism phenotype and 
have normal ribosome biogenesis, reduced insulin-stimulated 
translation, and delayed G1/S phase progression. Furthermore, 
elF6*’~ cells are resistant to oncogene-induced transformation. 
Thus, eIF6 is the first eIF associated with the large 60S subunit 
that regulates translation in response to extracellular signals. 

The eIF6 gene was deleted by homologous recombination using 
embryonic stem cell technology (Supplementary Fig. 1). The portion 
of the gene containing the first two exons and the first two introns 
was substituted by a cassette containing the neomycin resistance 
gene. The presence of the neomycin resistance cassette did not affect 
expression of wild-type eI[F6 and of adjacent genes (Supple- 
mentary Fig. 2). Germ-line transmission was achieved, and inter- 
crossing of eIF6 heterozygous mice did not produce any elF6 ‘~ 
offspring. We did not observe eIF6 '~ mice as early as 3.5 days post 
coitum, indicating that eIF6 is essential for proper development at 
the stage of preimplantation (Supplementary Table 1). The lethality 
of eIF6 ‘~ embryos is consistent with the early expression of the 
protein in the blastocysts (Supplementary Fig. 1d). 

Heterozygous elF6*'~ mice were viable and indistinguishable 
from wild-type counterparts up to 30 days after birth. At three 
months of age, heterozygous mice, independently from gender and 
genetic background, weighed less than their wild-type littermates 
(Fig. la). The head—anus length of e[F6‘’~ and wild-type mice was 
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Figure 1| elF6 reduction leads to diminished body weight and affects liver 
growth at the proliferation level. Age-matched mice were weighed and the 
growth of organs was followed after birth. a, Body weight of females and 
males recorded from 30 to 93 days after birth. b, Length of mice at 93 days, 
expressed as mean = s.d. (m = 8). ¢, The relative weight of indicated organs 
was calculated as the ratio between organ weight and body weight. Values 
represent mean = s.d. (m = 8). d, Percentage of PCNA-positive cells in 9-day- 
old livers. Values represent mean + s.d. (n = 4); e, corresponding 
representative immunohistochemical staining. Scale bar, 100 jum. 

f, Representative result of western blot analysis of e[F6 expression in organs 
from eIF6*'* and eIF6*’~ adult mice; bottom, densitometric analysis 
normalized to actin levels. *P = 0.01, **P = 0.05. 
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identical (Fig. 1b), suggesting that the reduction of body mass in 
elF6‘'~ mice could be due to the smaller size of specific organs. 
Biometric measures of e[F6*'~ and wild-type organs at autopsy 
revealed that heart and brain were equal to those in wild type, whereas 
all other organs from eIF6"’~ mice showed a slight trend to mass 
reduction (not shown). When the weight of the organs was normal- 
ized to the body weight of the corresponding animal, for most organs 
the differences disappeared, whereas the liver (Fig. 1c) and the adip- 
ose tissue (Supplementary Fig. 3) exhibited a reduction in their 
weight/body ratio. A reduction in liver mass could be due to a reduc- 
tion in cell number, or to a reduction in cell size. Histological staining 
showed that the liver of e[F6'/~ mice was normal (Supplementary 
Fig. 4b, d), and further morphometric analysis excluded differences 
in cell size (Supplementary Fig. 4a, c). In contrast, we observed fewer 
cycling cells in the liver of eI[F6'’~ mice (Fig. 1d, e), suggesting that its 
reduced mass was due to a reduction in cell number. We performed a 
similar analysis on adipocytes derived from mesenchymal stem cells: 
in summary, we found that the reduction of adipose tissue was due to 
a decreased proliferation of pre-adipocytes, whereas the lipid content 
per cell was constant (Supplementary Fig. 3). We conclude that the 
reduction in liver and fat tissue is probably due to a cell autonomous 
defect marked by reduced proliferative capability. 

Quantitative western blotting analysis of eIF6 levels showed that the 
levels of eIF6 in all heterozygous organs were reduced to half that of the 
wild type (Fig. 1f; Supplementary Fig. 3c for fat tissue). In spite of 
reduction of elF6 levels, we did not detect obvious phenotypes, in vivo, 
in other organs, including the skin (Supplementary Fig. 5), where we 
reported binding of eIF6 (p27BBP) to B, integrin'®. The reduction of 
elF6 in all organs from heterozygous mice suggests that under specific 
circumstances eIF6 haploinsufficiency may become rate-limiting. 
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Figure 2 | elF6é reduction results in 80S complex accumulation and a 
blunted translational response to insulin. a, Polysomal profiles from livers 
showing the different amount of 80S ribosomal complex and polysomes 
between elF6*'* and elF6*'~ in vivo. b, *°S-methionine labelling 
experiments in isolated primary hepatocytes stimulated with 100 nM insulin 
(Ins). The basal rate of translation is indicated as 100%. Increase of 
translation is not detected in eI[F6‘’~ hepatocytes on insulin stimulation. 
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We performed polysomal profiles of livers from eIF6*’~ and 
elF6"'~ littermates. Approximately 30% of the heterozygous/wild- 
type couples analysed did not present detectable differences in poly- 
somal profiles. In the remaining 70% heterozygous/wild-type cou- 
ples, in e[F6*'~ mice polysomal profiles showed an increased 80S 
peak, accompanied by decreased polysomes (Fig. 2a); this suggests 
that in mammalian liver e[F6'’~ hepatocytes have a defect in ini- 
tiation of translation rather than in ribosome biogenesis. We tested 
this hypothesis using insulin to stimulate basal translation on prim- 
ary hepatocytes ex vivo'®. We found that insulin administration led to 
an increase of methionine incorporation in eIF6*'* hepatocytes, but 
had little or no effect in e[F6*'~ hepatocytes (Fig. 2b). 

We explored further primary mouse embryonic fibroblasts 
(MEFs) from eIF6'’~ mice. Remarkably, primary MEFs from 
elF6''~ mice showed a phenotype identical to liver hepatocytes with 
an accumulation of the 80S peak (Fig. 2c) and a reduction in insulin- 
stimulated translation (Fig. 2d), demonstrating that eIF6 depletion 
alters translation in different cell types. We previously reported that 
phorbol 12-myristate 13-acetate (PMA) stimulated methionine 
incorporation in conditions of eIF6 overexpression'®. We tested 
whether PMA-stimulated methionine incorporation was reduced 
in eIF6*’~ cells, and found that it was (Supplementary Fig. 6). To 
understand whether basal translation was affected in conditions of 
eIF6 haploinsufficiency, we pooled data from different experiments. 
In brief, basal translation is slightly affected in primary hepatocytes, 
but not in MEFs, consistent with the observation that, in vivo, only 
liver development is affected by elIF6 haploinsufficiency 
(Supplementary Fig. 7). 

We decided to test whether the reduction in methionine incorp- 
oration observed in conditions of eIF6 haploinsufficiency could be 
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c, Polysomal profile indicates 80S accumulation in heterozygous MEFs; 

d, representative *°S-methionine labelling of MEFs shows a blunted response 
to insulin in eIF6*’ . e, f, Lentiviral-induced re-expression of wild-type elF6 
in MEFs results in de novo insulin stimulation of methionine incorporation 
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due to an indirect inactivation of the mTOR (also known as Frap1) 
pathway, which regulates translation at the level of initiation. We 
found that in MEFs, the activation of the PI(3)K-mTOR pathway, 
measured through the phosphorylation of Akt, rpS6 and 4E-BP1 
(also known as Eif4ebp1), was normal (Supplementary Fig. 8). The 
levels of insulin receptor were also normal (Supplementary Fig. 9). 

MEFs reconstituted with eIF6 to wild-type levels of eIF6 
(Supplementary Fig. 10) regained insulin responsiveness (Fig. 2e), 
ruling out indirect effects due to chronic eIF6 depletion. To establish 
whether translation impairment might be due to the anti-association 
activity of eIF6, we exploited a Ser235Ala mutant, unable to be 
released from 60S, in vitro, after phosphorylation as we previously 
described’®. Heterozygous MEFs reconstituted with eIF6(Ser235Ala) 
mutant (Supplementary Fig. 10) were not stimulated by insulin and 
behaved as eIF6*’~ cells (Fig. 2f). 

We evaluated in detail whether eIF6 haploinsufficiency can lead to 
deficits in ribosome biogenesis. In brief, the ratio of free 40S to 60S in 
elF6‘'~ MEFs was equal to that in e[F6*'* MEFs, both in the cyto- 
plasm and in the nucleus (Supplementary Fig. 11). The fact that 
elF6*'~ MEFs show altered translation and normal ribosome bio- 
genesis can be explained by specific reduction of eIF6 in the cyto- 
plasm, but not in nucleoli. Notably, the reduction of eIF6 that we 
observed in the cytoplasm of eIF6*'~ cells was more conspicuous 
than the reduction in the nucleus (Supplementary Fig. 12a). In addi- 
tion, the (apparent) amount of nucleolar-associated eIF6 was ident- 
ical in wild-type and heterozygous cells (Fig. 3a). 

To investigate whether subtle alterations in ribosome biogenesis 
could be observed in conditions of haploinsufficiency, we analysed by 
northern blotting the integrity of the ribosomal RNA processing 
pathway (Fig. 3b) in MEFs and liver. Our data show that the 
steady-state level of the rRNA precursors 47/45S, 32S and mature 
28S is identical in wild-type and eIF6*'~ cells (Fig. 3b, c). MEFs from 
early passages (P2/P3) rapidly grow in culture, allowing also for 
quantitative analysis of rRNA biogenesis’’ by pulse-chase with radio- 
labelled uridine. We found that e[Fo'/~ MEFs process rRNA with 
normal kinetics (Supplementary Fig. 12c). We also analysed by 
quantitative polymerase chain reaction with reverse transcription 
(Q-RT-PCR) the levels of e[F6 messenger RNA, and two ribosomal 
proteins rpL5 and rpS19. Our data showed that primary e[Fo‘/~ 
MEFs have 50% reduction of e[F6 mRNA, but no other ribosome- 
associated proteins, both at the level of mRNA and of protein 
(Supplementary Fig. 12d, e). Finally, we asked whether a further 
reduction of eIF6 could lead to a defect in rRNA biogenesis. Eighty 
per cent depletion of eIF6 by RNA interference in NIH 3T3 cells 
(Supplementary Fig. 13) showed normal rRNA synthesis (Fig. 3d) 
and detectable eIF6 in the nucleolus (Fig. 3e). Taken together, these 
data suggest that the reduction of cytoplasmic eIF6 leads to an 
increase in the steady-state levels of 80S, accompanied by an impair- 
ment of the capability of cells to upregulate protein synthesis on 
insulin stimulation, but a small amount of eIF6 is sufficient for 
rRNA biogenesis—in other words, eIF6 is an initiation factor in vivo. 

We analysed the consequences of eIF6 depletion on cell cycle pro- 
gression in normal and highly proliferative cells. In early passages, 
elF6''~ MEFs proliferated similarly to wild type, and had equal 
replicative senescence (Supplementary Fig. 14a, b), rate of apoptosis 
(Supplementary Fig. 14c, d) and cell size (Supplementary Fig. 14e). In 
these conditions, cell cycle distribution by fluorescence-activated cell 
sorting (FACS) analysis of exponentially growing MEFs derived from 
eIF6 wild type and matched heterozygous did not show gross differ- 
ences (Fig. 4a). Next, we analysed cell cycle progression in cells syn- 
chronized by serum starving and stimulated by serum refeeding. Data 
obtained by *H-thymidine labelling show that eIFo'/~ MEFs enter 
S-phase 18h after stimulation (Fig. 4b), compared to the 12h 
required by wild-type cells. These data show that eIF6 haploinsuffi- 
ciency affects translation and S-phase entry under specific condi- 
tions. We looked for additional models in which elIF6 
haploinsufficiency could cause a phenotype. eIF6 is overexpressed 
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in cancer cells'*'°. We decided to test whether eIF6 haploinsufficient 
MEFs were efficiently transformed by infection with retroviral vec- 
tors encoding dominant-negative (DN)p53 and H-ras’'’, or Myc 
and H-ras’!*. e[Fo'/~ MEFs formed fewer transformed colonies in 
soft agar when infected with oncogene-carrying retroviruses com- 
pared to wild type (Fig. 4c, d). We had similar results in the focus 
formation assay (Supplementary Fig. 15a, b). The large difference in 
the transformation efficiency was not due to differences in retroviral 
infection and integration (Supplementary Fig. 15c). 

Whether elF6 is a true initiation factor has been unclear for a long 
time. The effect of eIF6, in vitro, ranges from no effects on translation 
to mild stimulation at low doses accompanied by repression at high 
doses*"'°. The difference in the results and in the systems used did not 
allow a final conclusion. Tif6 (yeast homologue of mammalian eIF6) 
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Figure 3 | elF6é reduction in the cytoplasmic compartment does not affect 
60S ribosomal biogenesis. a, eIF6 distribution analysed in the nucleolus by 
anti-eIF6 immunostaining of primary MEFs. Nucleolar staining with anti- 
nucleophosmin (NPM) merged with anti-eIF6 (Merge) shows nucleolar eIF6 
in eIF6''” MEFs compared to wild-type cells. Scale bar, 3 tm. b, c, Northern 
blot analysis of steady-state levels of 25S precursors in heterozygotes. MEFs 
and livers and corresponding ethidium bromide staining (c) showing equal 
steady-state levels of precursor rRNAs. d, e, Small interfering RNA (siRNA) 
of eIF6 (80% reduction, see Supplementary Fig. 13) in NIH3T3 abolishes 
neither rRNA processing (d) nor nucleolar staining (e). 
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Figure 4 | elF6 reduction impairs G1/S progression in synchronized cells 
and causes reduced transformation. a, FACS analysis of asynchronous 
MEFs. No significant differences in cell cycle distribution are observed 
between e[F6*'* and e[F6*'~ MEEs. b, *H-thymidine labelling of 
synchronized cells shows a delay in S-phase entry. c—d, Soft agar assay of 
asynchronous MEFs transformed with DNp53 plus H-ras’' (n = 6) and 
with Myc plus H-ras’? (n = 6). Number of colonies expressed as 

mean = s.d. indicates that cellular potential to undergo transformation is 
impaired in e[F6‘/~ MEFs. 


depletion led to the loss of 60S biogenesis and rRNA processing 
defects''"*. In yeasts, most of Tif6 seems to be localized in the nuc- 
leus*?' and in pre-ribosomal particles”, thus raising questions 
regarding the physiological relevance of the regulated eIF6 anti-asso- 
ciation activity. The results we obtained in e[F6 knockout mice dem- 
onstrate that eIF6 may be rate-limiting for translation, in vivo, where 
it may behave as a stimulatory translation initiation factor down- 
stream insulin/growth factors. From this perspective, elF6 is the first 
60S associated initiation factor able to modulate translation down- 
stream of extracellular signalling in vivo. These data do not contradict 
a role of eIF6 in ribosome biogenesis, but suggest that ribosome 
biogenesis requires only sequestration of a (minor) nucleolar pool 
of elF6. 

It remains to be understood whether eIF6 regulates global trans- 
lation or specific classes of mRNA. It was recently proposed that eIF6 
is the mediator regulating microRNA-mediated repression” in 
Caenorhabditis elegans and HeLa cells although not in Drosophila’. 
In conditions of elF6 heterozygosity we did not observe differences in 
expression of microRNA targets (Supplementary Fig. 16). Further 
studies are required. 

eIF6 is consistently overexpressed in a variety of cancers including 
colon’® carcinomas and leukaemias”. In the latter context, eIF6 upre- 
gulation was interpreted as a by-product of transformation, namely 
increased growth demanded of ribosomes and translation. Our data 
support a model in which the levels of eIF6 may directly affect tumor- 
igenesis. In any case, our observations strengthen the concept that 
translational control is crucial for malignancy, as it was recently 
proposed for eIF4E, downstream of the mTOR pathway”. 


METHODS SUMMARY 


All analyses were performed at least three times on different genetic back- 
grounds. For the generation of knockout mice, we deleted exons 1 and 2. 
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Hepatocytes and primary MEFs were prepared from littermates and kept 
in culture for 3h and 2-3 weeks, respectively. Infection and rescue by eIF6- 
lentivirus were as detailed in Methods and Supplementary Information. 

Analysis of rRNA biogenesis was performed by sucrose gradient centrifu- 
gation of dissociated ribosomes, and by pulse-chase rRNA labelling with *H- 
uridine and northern blotting (Supplementary Information). Analysis of trans- 
lation was performed by sucrose gradient centrifugation and metabolic labelling 
with *°S-methionine’’. 

Blastocysts and MEFs were fixed in 2% paraformaldehyde. Blastocysts were 
then stained by whole-mount immunofluorescence. Cells were attached on cov- 
erslips and stained by indirect immunofluorescence. 

Primary fibroblasts were infected with retroviruses carrying Myc plus onco- 
genic H-rasY '* or DNp53 plus oncogenic H-ras” '”. Foci were counted 2-3 weeks 
after the primary infection”. 

SDS-PAGE and western blotting analyses were performed on total extracts in 
RIPA buffer (10mM Tris-Hcl, pH 7.2, 1% sodium deoxycholate, 1% Triton 
X-100, 0.1% SDS, 150 mM NaCl, 1 mM EDTA, pH 8.0) as detailed elsewhere’’. 
Nuclear—cytoplasmic fractionation was performed by ultracentrifugation on a 
sucrose cushion as described in Supplementary Methods. The purity of the 
fractions was checked by antibodies against Gapdh (cytoplasm) or histone 
H2B (also known as Hist2h2be, nucleus). We loaded equivalent amounts of cells. 

Cell number and viability were analysed as previously described’’. S-phase 
entry was analysed by the *H-thymidine assay on primary embryo fibroblasts at 
early passages. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Antibodies and reagents. The following antibodies were used: rabbit polyclonal 
against eIF6 (ref. 15), caspase 3 (Cell Signaling), PCNA (Abcam) and H2B (Santa 
Cruz), and mouse monoclonal against f-actin (Sigma), nucleophosmin** and 
Gapdh (Chemicon International). Nuclear staining was performed with Hoechst 
3342 (Molecular Probes). Human insulin was from Sigma. 

Generation of eIF6 null mice. eIF6 gene retrieval was obtained by screening a 
mouse genomic DNA library (SJ129 strain). The gene was cloned into a pPNT 
plasmid. The 5’ long arm spanned to the exon 1 and the 3’ short arm included 
exon 3 and exon 4. The construct was electroporated in $J129 embryonic stem 
cells by the Core Facility for Conditional Mutagenesis (CFCM). eIF6 mutant cells 
obtained by homologous recombination were identified by Southern blot and 
PCR analysis (Supplementary Methods). Recombined embryonic stem cells 
were used to produce chimaeric animals by both injection and aggregation 
techniques. Chimaeras were then mated to SJ129 mice for germline transmis- 
sion. Backcross was performed to the CL57B16 background. Genotyping analysis 
was performed by PCR on tail genomic DNA (Supplementary Methods). 
Controls for the proper expression of upstream and downstream genes to elF6 
(Itgb4bp) were performed by RT-PCR as detailed in Supplementary Methods. 

All experiments involving animals were performed in accordance with Italian 

national regulations and experimental protocols reviewed by local Institutional 
Animal Care and Use Committees (IACUC n. 574). 
Blastocyst preparation and immunofluorescence. Blastocysts from hyperovu- 
lated, mated C57B16 mice were obtained by flushing the uterine tubes with M2 
medium (Sigma). Whole-mount immunofluorescence was performed as 
detailed previously”. Images were obtained with fluorescent microscopy 
(Zeiss Axiophot) or laser confocal microscopy (Ultra View, Perkin Elmer). 
Image slides were taken with a digital camera (Sensicam) using Image-Pro plus 
software. 

Immunofluorescence on MEFs was performed as described previously"', after 
fixation for 10 min at 25°C in 2% buffered paraformaldehyde, 3% sucrose in 
PBS, followed by permeabilization in 20 mM Hepes, pH 7.4, 0.5% Triton-X100. 
Polysomal profiles. Polysomal profiles were performed as described prev- 
iously’®. In brief, after measuring A254 of the extracts prepared in 30 mM Tris- 
HCl, pH7.5, 100 mM NaCl, 30mM MgCh, 0.1% NP-40 and 10 pg ml! cyclo- 
heximide, the equivalent of 5 units of absorbance were layered on a 15-50% 
sucrose gradient and centrifuged at 4°C in a SW41Ti Beckman rotor for 3h 
30 min at 39,000 r.p.m., corresponding to 190,000g. Absorbance at 254 nm was 
recorded by BioLogic LP software (BioRad). The preparation of individual ribo- 
somal subunits and polysomes was obtained as detailed in Supplementary 
Methods. In brief, ribosomal subunits were dissociated by 20 mM EDTA after 
isolating them at 39,000 r.p.m. (190,000g) for 16h on a 30% sucrose cushion 
then separated on a 10-30% sucrose gradient at 36,000 r.p.m. (160,000g) and 
analysed as above. 

Analysis of rRNA metabolism in primary embryo fibroblasts was performed as 

detailed in Supplementary Methods. 
Primary cell cultures. Hepatocytes and primary MEFs were prepared from 
littermates and kept in culture for 3h and 2-3 weeks, respectively. All the ana- 
lyses were performed at least three times on different genetic backgrounds. 
Infection and rescue by elF6-lentivirus was as detailed in Supplementary 
Information. 

Primary embryo fibroblasts (MEFs) were prepared from E13.5 embryos and 
cultured as described”. In brief, embryos were dissociated by 0.03% trypsin in 
0.2% EDTA at 37°C for 10 min and then treated with DNasel (New England 
Biolabs). After filtering fibroblasts with a 70 jm cell strainer, they were cultured 
in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS), 
100 ug ml~! streptomycin, 100 U ml! penicillin and 2mM glutamine. MEFs 
were cultured at 9% CO, at 37°C and experiments were performed at first 
passages (P1—P4). Hepatocytes were isolated as detailed in Supplementary 
Methods. 

Protein synthesis measurement by *°S-methionine labelling. Primary embryo 
fibroblasts (MEFs) and primary hepatocytes were used for analysis of trans- 
lational rate. Cells were seeded at sub-confluency in 6-well plates, and insulin 
stimulation was performed at 100 nM for 30 min. Metabolic labelling was per- 
formed as described previously”. All experiments were done in triplicate. 
Statistical P-values calculated by two-tailed t-test were also indicated: two aster- 
isks for P-values less than 0.05 and one asterisk for P-values less than 0.01. 
Immunohistochemistry and histological staining. Immunohistochemical and 
histological analysis were performed on paraffin-embedded sections prepared as 
detailed in Supplementary Methods. 

Cell cycle analysis. S-phase entry was analysed by *H-thymidine assay on prim- 
ary embryo fibroblasts at early passages. MEFs were seeded at 60% confluency in 
6-well plate and starved for 48h in DMEM plus 0.1% FBS. MEFs were then 
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stimulated with 10% serum and labelled with 1.Cml~' *H-thymidine for 
24h. 6, 9, 12, 15, 18, 21 and 24h after serum addition, °H-thymidine was added 
to the medium and cells were lysed after 1h as described in Supplementary 
Methods. Half of the radioactive sample obtained (0.5 ml) was solubilized in 
scintillation fluid and counted with a B-counter. Data derived from the mean of 
three independent experiments and counts per minute were normalized to the 
total amount of DNA. 

Retroviral infection and soft agar assay. The Phoenix ecotropic virus packaging 
cells were obtained from the American Tissue Culture Collection (ATCC) and 
maintained in DMEM supplemented with 10% FBS, 1% glutamine and anti- 
biotics. The pBABE-hygro vector for expression of H-ras”'*, dominant-negative 
p53 mutant (DNp53) and Myc was described previously”. The soft agar forma- 
tion assay and the focus formation assay were performed as described prev- 
iously*”. 

Southern blot and PCR analysis. Southern blot hybridization was used to 
identify the targeted allele in the embryonic stem cells using standard protocols. 
Specifically, targeted clones were identified by using a 5’ external probe, which 
detects the change ofa 16.3 kb wild-type EcoRV fragment to a novel 13 kb EcoRV 
fragment, and then were confirmed with a 3’ external probe, which detects the 
change of a 13.3kb wild-type HindIII fragment into a novel 9.2kb HindIII 
fragment. 

Genotyping of the offspring mice was performed using a three-primers PCR 
strategy to simultaneously amplify target sequences from both the wild-type and 
the mutant alleles. PCR was performed by AmpliTaq Gold (Roche) according 
to the manufacturer’s protocol. A shared primer number 3 (5'-GTG 
AGTCTTGGCTTCATGTG-3’) was designed downstream of the deleted region. 
This primer can pair with wild-type allele-specific primer number 2 (5’- 
CTATGTGGCCTTGGTCCAC-3’) to amplify a 320bp PCR product or with 
the targeted allele-specific primer number 1 (5’-GCAGCGCATCGCCTTC 
TATC-3’) in the neo cassette to amplify a 650 bp fragment from the mutant 
allele. PCR products were resolved on 2% agarose gel. 
mRNA extraction and real-time RT-PCR. Total RNA was extracted with TRIzol 
reagent (Invitrogen) from MEFs and from tested organs of e[F6*!* and elF6‘!~ 
mice. After treatment of total RNA with RQI] RNase-free DNase (Promega), 
reverse transcription was performed with SuperScriptTM  First-Strand 
(Invitrogen) according to the manufacturer’s instructions. 100ng of reverse- 
transcribed complementary DNA was amplified with the appropriate primers 
and detected with probes specific for Itgb4bp, Mmp24, Gdf5, RpL5 and RpS19 
cDNA (TaqMan gene expression assay Mm00550245_m1, Mm00487721_ ml, 
Mm00433564_m1, Mm00847026_g1 and Mm00452264_m1, respectively, from 
Applied Biosystems) in an ABI PRISM 7900HT Sequence Detection System. 
Gapdh was used as internal control gene expression (TaqMan assay reagent 
4352932E). The data were expressed as the percentage of relative quantity of target 
genes. Results are represented as means of three independent experiments. 
Immunohistochemistry and histological staining. Tissue samples were excised 
from e[F6‘'* and eIF6*’~ mice and immediately fixed in 10% formaldehyde in 
0.1 M phosphate buffer (PBS) at pH 7.4. Serial 3-um sections of paraffin-embed- 
ded liver, skin and fat were stained with haematoxylin and eosin (H&E) for 
morphological analysis. Liver sections were subjected to immunohistochemical 
staining for proliferating cell nuclear antigen (PCNA) using the Vectastain Elite 
ABC kit (Vector). In brief, slides were passed in graded alcohol solutions, rinsed 
in distilled water and immersed in citrate buffer (0.1 M citric acid plus 0.1M 
sodium citrate). Samples were boiled in a microwave oven three times for 5 min, 
washed in PBS and soaked in 3% hydrogen peroxide for 30 min to block endo- 
genous peroxidase activity. After blocking in normal serum, slides were incu- 
bated with anti-PCNA (1:2,000) for 16h at 4 °C. Sections were incubated with a 
biotinylated secondary antibody for 1h at room temperature and then with a 
preformed avidin—biotinylated peroxidase complex. Signals were detected using 
diaminobenzidine tetrahydrochloride (DAB, BioGENEX) and sections were 
counterstained with haematoxylin. Stained samples were observed in a Zeiss 
Axiophot microscope and pictures were acquired with ScionImage Software. 
siRNA transfection of NIH 3T3 cells. Transient transfection was performed on 
NIH 3T3 cells using Lipofectamin 2000 (Invitrogen), according to manufac- 
turer’s instructions. 

For siRNA experiments, siGENOME duplex targeting ITGB4BP was used 
(NM_002212; sense sequence, 5’-GAGCUUCGUUCGAGAACAAUU-3’; anti- 
sense sequence, 5’-PUUGUUCUCGAACGAAGCUCUU-3’; Dharmacon). 
SiCONTROL NON-TARGETING siRNA POOL (Dharmacon) was used as 
negative control. 

Cells were transfected at 30-40% confluency using 100 pmol siRNA in Opti- 
MEM medium (Invitrogen); after 3h at 37°C the medium was changed, and 
gene silencing was examined by western blot analysis 72 h after transfection. 
Flow cytometry and measurement of cell size. Unfixed eIF6*/* and elF6*/~ 
MEFs were pelleted and resuspended in PBS containing 5ng ul | propidium 
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iodide (Sigma). Cell size (FSC) was analysed using FACS Canto II (Becton 
Dickinson). 

Cell fractionation. Cells were detached by trypsinization and collected by cent- 
rifugation. The pellet was resuspended in ice-cold hypotonic wash buffer 
(10 mM Tris HCl, pH 7.4, 10 mM KCI, 2mM MgCl,) and then the cytoplasmic 
fraction was extracted in hypotonic lysis buffer (10 mM Tris HCl, pH 7.4, 10 mM 
KCI, 2 mM MgCh, 0.05% Triton X-100, 1 mM EGTA, 1 mM DTT) for 20 min on 
ice. Nuclei were collected by centrifugation at 700g for 15 min and resuspended 
in hypotonic wash buffer before loading on 1.6 M sucrose cushion for nuclear 
fraction purification. The nuclear pellet was obtained by ultracentrifugation 
(TL100, Beckman) at 50,000 r.p.m. for 1h and then lysed in RIPA buffer. 
Lentiviral infection. 293T cells (ATCC) were infected with packaging plasmid 
VSV-G, PMDLg/pRRE, pREV and transfer vector pCCL-PPT-hPGK-pre prev- 
iously described*'. Full-length e[F6 and GFP were cloned in transfer vector. 
MEFs were infected with e[F6-pCCL and GFP-pCCL at early passage (P;) and 
used for *°S-methionine labelling as described. Multiplicity of infection (m.o.i.) 
was empirically determined to achieve twofold elF6 expression by triplicate 
infections. 

In vitro mutagenesis was performed on the wild-type eIF6 lentiviral transfer 
plasmid by the QuickChange Kit (Stratagene) using the same oligonucleotides as 
in ref. 32. 

Ear mesenchymal stem cell culture and adipogenesis. Mesenchymal stem cells 
from outer ears of e[Fo*/* and elF6*’~ mice were collected and differentiated 
into the adipogenic lineage as previously described”. 

Differentiated cells were fixed in 10% buffered formaline and stained with Oil 
Red O for 10 min. The dye retained by the cells was eluted with isopropanol and 
quantified by measuring absorbance at 500 nm. 

Polysomal profile from liver. Tissue was gently homogenized in 50 mM Tris 
HCl, pH7.8, 240mM KCl, 10mM MgSO,, 5mM DTT, 250 mM sucrose, 2% 
Triton X-100, 90 pg ml! cicloheximide and 30 Uml | RNasin using a glass 
douncer. After clarification, 100 :g ml! heparin was added to the supernatant. 
5 OD354 of rRNA was loaded on a 15-55% sucrose gradient dissolved in 25 mM 
Tris HCl, pH 7.4, 25mM NaCl, 5mM MgCl and 1mM DTT and run at 
39,000 r.p.m. (190,000g) for 3h 30 min with SW41Ti swing rotor (Beckman 
Coulter). The polysomal profile was detected at as previously described. 

RNA blot analysis. Total RNA was isolated from MEF cells or from mouse liver 
using TRI REAGENT (Sigma) following the manufacturer’s protocol. RNA 
(5 ug) was separated on 1% agarose-formaldehyde gel and analysed by northern 
blot hybridization using standard techniques. 

The oligonucleotide ITS2-2 complementary to nucleotides 239-271 of the 
ITS2 region was use as probe for hybridization (5’-ACTGGTGAGGCA 
GCGGTCCGGGAGGCGCCGACG-3’), as described previously’. The probe 
was 5'-labelled using [y-**P] ATP and T4 polynucleotide kinase. 

Preparation of 40S and 60S ribosomal subunits. Dissociation of 40S and 60S 
ribosomal subunits extracted from cytoplasmic and nuclear compartments were 
obtained as described previously”®. 40S and 60S subunits were dissociated with 
20 mM EDTA. The equivalent of 20 units of A254 of total rRNA were loaded ona 
30% sucrose cushion dissolved in 10 mM Tris HCl, pH 7.5, 10 mM KCl, 1mM 
MgCl, and 1mM DTT. Ribosomal RNA was collected by ultracentrifugation at 
36,000 r.p.m. for 16h, washed twice in cold 1X PBS and resuspended in 30 mM 
Tris HCl, pH7.5, 10 mM KCl, 1 mM MgCl, 20mM EDTA and 1mM DTT. 10 
OD of dissociated 40S and 60S subunits were separated through a 10-30% 
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sucrose gradient, ultracentrifuged at 36,000 r.p.m. for 3h 30 min and analysed 
by Biological LP System (BioRad) as described previously. 

Hepatocytes isolation. One-month-old mice were anaesthetized by intraperi- 
toneal injection of 200 tl chloralium hydrate (8% w/v). Liver was perfused in situ 
through the portal vein with two different perfusion media: T1 solution pH 7.4 
(0.9% NaCl, 0.05% KCI, 0.2% HEPES, 0.08 mg ml ! EGTA) and T2 solution 
pH 7.4 (0.6% NaCl, 0.05% KCl, 1.2% HEPES, 0.07% CaCh, 3 gml | collagenase 
type I). Flow rate was 5 ml min’ ’. After collagenase digestion, hepatocytes were 
filtered through a 70 jm cell strainer and passed on a 37.5% PERCOLL cushion 
(Amersham). Pellet of viable cells was resuspended in DMEM and recovered at 
5% COs, 37 °C for 2h before starting the experimental procedure. 

Analysis of ribosomal biogenesis. Processing of rRNA was analysed by a pulse— 
chase experiment with 3H-uridine (Amersham) with a modified method. 
Exponentially growing MEFs were labelled with 3 .Ciml' *H-uridine and 
chased for the indicated period. Total RNA was extracted by TRIzol (Sigma) 
according to the manufacturer’s protocol. The same counts per minute were 
loaded on a 1% formaldehyde-agarose gel and then transferred onto a nylon 
membrane HYBOND-N (Amersham) for 16h. RNA was crosslinked by ultra- 
violet irradiation and nylon membrane was treated with EN3HANCE spray 
(Perkin Elmer) before autoradiography. 

S-phase entry analysis by the *H-thymidine assay. The assay was performed at 
early passages (P1—-P2), and *H-thymidine uptake was detected. MEFs were 
seeded at 60% confluency in 6-well plate and starved for 48h in low serum. 
Synchronized cells were stimulated with 10% serum, and 1 wC ml! of *H-thy- 
midine (Amersham) was added for 1h at 6, 9, 12, 15, 18, 21 and 24h. After 1h, 
cells were incubated for 15 min with 5% trichloroacetic acid to precipitate DNA 
onto the dishes, and after two washes in 70% cold-ethanol macromolecules were 
solubilized in 1 ml solubilization buffer (0.1 M NaOH, 2% Na2CO3, 1% SDS) for 
1 hat 60 °C. The mixture was neutralized with 36% of neutralizing solution (1 M 
HCl) and half of each radioactive sample was solubilized in scintillation fluid and 
counted with a B-counter. Data were derived from the mean of three independ- 
ent experiments and normalized to the total amount of DNA. 
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CDK targets Sae2 to control DNA-end resection and 


homologous recombination 


Pablo Huertas’, Felipe Cortés-Ledesma’, Alessandro A. Sartori't, Andrés Aguilera? & Stephen P. Jackson! 


DNA double-strand breaks (DSBs) are repaired by two principal 
mechanisms: non-homologous end-joining (NHEJ) and homolog- 
ous recombination (HR)'. HR is the most accurate DSB repair 
mechanism but is generally restricted to the S and G2 phases of 
the cell cycle, when DNA has been replicated and a sister chromatid 
is available as a repair template*°. By contrast, NHEJ operates 
throughout the cell cycle but assumes most importance in G1 (refs 
4, 6). The choice between repair pathways is governed by cyclin- 
dependent protein kinases (CDKs)**»”’, with a major site of control 
being at the level of DSB resection, an event that is necessary for HR 
but not NHEJ, and which takes place most effectively in S and G2 
(refs 2, 5). Here we establish that cell-cycle control of DSB resection 
in Saccharomyces cerevisiae results from the phosphorylation by 
CDK of an evolutionarily conserved motif in the Sae2 protein. We 
show that mutating Ser 267 of Sae2 to a non-phosphorylatable 
residue causes phenotypes comparable to those of a sae2/ null 
mutant, including hypersensitivity to camptothecin, defective spor- 
ulation, reduced hairpin-induced recombination, severely impaired 
DNA-end processing and faulty assembly and disassembly of HR 
factors. Furthermore, a Sae2 mutation that mimics constitutive 
Ser 267 phosphorylation complements these phenotypes and over- 
comes the necessity of CDK activity for DSB resection. The Sae2 
mutations also cause cell-cycle-stage specific hypersensitivity to 
DNA damage and affect the balance between HR and NHEJ. These 
findings therefore provide a mechanistic basis for cell-cycle control of 
DSB repair and highlight the importance of regulating DSB resection. 

To initiate HR, one strand of the broken DNA duplex is resected in 
the 5’-3’ direction, generating single-stranded DNA (ssDNA) that 
can anneal with a homologous DNA duplex*. In S. cerevisiae, effective 
resection and HR require sustained Cdc28/Clb (Cdk1/cyclin B) 
kinase activity**», although the CDK targets mediating this control 
are still unknown. One potential target is Sae2, a protein first iden- 
tified as being required for meiotic recombination. Sae2 controls the 
initiation of DNA-end resection in meiotic and mitotic cells’ and 
was recently shown to be a DNA endonuclease’’. Previous work has 
shown that Sae2 is targeted by the Mec] and Tell kinases in response 
to DNA damage, generating forms of Sae2 with decreased mobility in 
SDS-polyacrylamide gels'*. Such alterations in Sae2 gel-mobility also 
occurred in unperturbed cycling cells, specifically in S and G2, indi- 
cating that Sae2 might be a Cdc28 target (data not shown, and 
Supplementary Fig. 2a). In accord with this idea, the amount of 
slower-migrating Sae2 was diminished when Cdc28 was inactivated 
in G2-synchronized cultures by galactose-driven expression of the 
Cdc28/Clb repressor, Sicl (ref. 15) (Fig. la). 

Sae2 contains three potential CDK phosphorylation sites (Fig. 1b 
and Supplementary Fig. 1); two of these—Ser 267 and Ser 134— 
received the highest scores for predicted phosphorylation sites in 
the protein (Supplementary Table 1). Ser 267 maps to the Sae2 region 


most highly conserved with its non-yeast orthologues (Fig. 1b), 
which include human CtIP, Caenorhabditis elegans Com1 and 
Arabidopsis thaliana Com1 (refs 16-18). To address the possible 
function(s) of Ser 267 and other potential target sites for CDK in 
Sae2, we generated yeast strains in which each site was individually 
mutated to a non-phosphorylatable alanine residue. The sae2-S267A 
mutant showed strong hypersensitivity towards the topoisomerase I 
inhibitor camptothecin (Fig. 1c and Supplementary Fig. 2b; 
Supplementary Fig. 2c shows that this mutant is nearly as sensitive 
as the sae2A strain). By contrast, sae2-S134A, sae2-S179A and sae2- 
S134A,S179A cells did not show detectable hypersensitivity to camp- 
tothecin, and combining sae2-S267A with these other mutations 
showed no synergistic effect (Supplementary Fig. 2b). When we 
mutated Ser 267 to glutamic acid to mimic constitutive phosphor- 
ylation, the resulting strain displayed no detectable hypersensitivity 
to camptothecin (Fig. 1c and Supplementary Fig. 2c). Together with 
the fact that mutation of Ser 267 did not alter Sae2 protein expression 
(Fig. 1d), these data suggested that Ser267 phosphorylation is 
required for Sae2 function. Furthermore, as the major cytotoxic 
lesions for camptothecin are DSBs arising when replication forks 
encounter trapped topoisomerase I-DNA complexes”, these results 
suggested that phosphorylation of Sae2 on Ser 267 is important for 
responses to DSBs generated during S phase. Indeed, the sae2-null 
and sae2-S267A strains, but not the sae2-S267E strain, showed hyper- 
sensitivity to methyl methanesulphonate (MMS), which also yields 
DSBs in S phase (Supplementary Fig. 2d). Consistent with analogous 
residues controlling the activity of Sae2-related proteins in other 
species, human U2OS cells downregulated for endogenous CtIP 
and expressing short interfering RNA (siRNA)-resistant GFP—CtIP- 
T847A were as sensitive to camptothecin as control cells expressing 
GFP (green fluorescent protein) alone, whereas cells expressing a 
phospho-mimicking CtIP derivative (GFP-CtIP-T847E) showed 
higher resistance to camptothecin (Fig. le; for expression levels 
and downregulation see Supplementary Fig. 2e). 

Efficient phosphorylation of CDK substrates in vivo often requires 
the binding of cyclin to an Arg-X-Leu (RXL) motif in the target”’. 
Such a motif is present upstream of Ser 267 in Sae2 (Fig. 1b and 
Supplementary Fig. 1), and mutating this motif (Sae2- 
R223A,L225A) caused hypersensitivity to camptothecin as severe as 
that of sae2-S267A or sae2J cells (Fig. 1c) even though the mutated 
proteins were expressed at normal levels (Fig. 1d). Furthermore, the 
camptothecin hypersensitivity caused by the Sae2-R223A,L225A 
mutation was largely suppressed when the protein also contained 
the phospho-mimicking Sae2 $267E mutation (Fig. Ic). 
Collectively, these findings strongly suggested that Sae2 function 
requires its modification by CDK-cyclin complexes. 

To examine the phosphorylation of Sae2 on Ser 267 directly, we 
raised a phosphospecific antibody against this site (yS267). Western 
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Figure 1| Ser 267 mutation impairs Sae2 function. a, Left: TAP-tagged Sae2 
was purified from cells expressing galactose-inducible SIC1 (Gal) or not 
expressing SIC1 (Glu). U, control untagged strain. Right: as above, but the 
strain lacked galactose-inducible SIC1. b, Sae2 diagram and homology to 
orthologues (see Methods for full alignment). S. cerevisiae, Saccharomyces 
cerevisiae, A. gossypii, Ashbya gossypii; Y. lipolytica, Yarrowia lipolytica; 

C. neoformans, Cryptococcus neoformans; N. crassa, Neurospora crassa; 

C. globosum, Chaetomium globosum; P. nodorum, Phaeosphaeria nodorum; 


immunoblotting revealed that this antibody specifically detected 
immunoprecipitated wild-type Sae2 but not the Sae2-S267A or 
Sae2-R223A,L225A proteins (Fig. 2a). Furthermore, the antibody 
detected the slower-migrating form of Sae2 that was present at 
elevated levels in G2-synchronized cultures (Fig. 2b), indicating that 
phosphorylation of Sae2 on Ser 267 is subject to cell-cycle control. 
Notably, Sae2 immunoprecipitation recovered cyclins Clb3 and 
Clb2 from extracts prepared from G2-synchronized cells but not from 
G1 cells (Fig. 2b). Also consistent with Sae2’s being a direct target of 
CDK, incubation of purified glutathione S-transferase-fused Sae2 
protein—but not the $267A mutant—with recombinant CDK-cyclin 
complexes and ATP produced Ser 267 phosphorylation (Fig. 2c). 

Further analyses suggested that all aspects of Sae2 function require 
phosphorylation at Ser 267. Thus, like sae2J4 cells, sae2-S267A cells 
were severely compromised in hairpin-induced recombination”’, 
whereas sae2-S267E cells behaved similarly to the wild type 
(Fig. 2d). Furthermore, whereas homozygous diploid sae2-S267E 
cells produced viable spores at levels similar to those produced by 
the wild-type strain, like sae2A cells'®”’, the sae2-S267A homozygous 
mutant strain showed a severe sporulation defect and almost no 
spore viability (Figs 2e and 2f). A defect in spore viability due to 
mutations in Ser 267 or Pro 268 has also been reported recently’®. 

Sae2 regulates resection of chromosomal DSBs formed by the HO 
endonuclease’. To determine whether Sae2 Ser 267 controls this 
function, we generated an irreparable HO-induced DSB in the 
MAT locus and analysed resulting samples with a neutral dot-blot 
approach that detected only resected DNA’. For this we used three 
probes: one directly adjacent to the HO cleavage site, one 5 kilobases 
(kb) downstream and one at the LEU2 locus, about 100 kb distal from 
the HO site, as a negative control. Significantly, sae2/ cells and cells 
bearing the sae2-S267A mutation were impaired in resection close to 
the HO site, and this impairment was even more pronounced when 
assayed 5kb away (Fig. 3a). By contrast, the sae2-S267E mutant 
carried out resection almost as efficiently as the wild-type strain 
(Fig. 3a and Supplementary Fig. 3a). 

To test whether Cdc28/Cdk1-mediated Sae2 phosphorylation pro- 
motes DSB resection, we assessed resection in a strain expressing a 
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C. elegans, Caenorhabditis elegans; A. thaliana, Arabidopsis thaliana; 
Xenopus, Xenopus laevis; chicken, Gallus gallus; human, Homo sapiens. 

c, Fivefold serial dilutions of sae2A cultures containing the indicated SAE2 
variants plated on medium lacking or containing camptothecin (5 1g ml _'). 
d, Extracts of cells harbouring TAP-tagged Sae2 variants were western 
immunoblotted as indicated. e, Survival of U2OS cells expressing GFP—CtIP 
fusions to 1h treatments with the indicated doses of camptothecin. Error 
bars indicate s.d. (n = 2). 


Cdc28 derivative (cdc28-as1) that can be specifically inhibited by the 
ATP analogue 1INM-PP1 (ref. 23). Whereas inhibition of Cdk1 mark- 
edly curtailed end resection in a strain expressing wild-type Sae2, it 
had little effect in the sae2-S267E mutant when resection was mea- 
sured close to the HO site (Fig. 3b and Supplementary Fig. 3b). 
Nevertheless, the inhibitor still had some effect on the sae2-S267E 
strain when resection was assessed at the 5 kb distal site (Fig. 3b and 
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Figure 2 | Sae2 is phosphorylated by Cdc28 on Ser 267. a, TAP-tagged Sae2 
derivatives were immunoprecipitated and detected as indicated. b, TAP- 
tagged Sae2 was purified from G1 or G2 arrested cultures. U, G2 arrested 
untagged control cells. Immunoprecipitated samples and inputs (5%) were 
immunoblotted as indicated. c, Glutathione S-transferase (GST)-fused Sae2 
and Sae2-S267A were purified, incubated with recombinant Cdk2/Cyclin A 
and ATP, resolved by 10% SDS-PAGE and immunoblotted as indicated. 
d, Recombination frequencies of strains in a hairpin-containing 
recombination system”. e, Spores after 24 h in sporulation medium. f, Spore 
viability 24h after the addition of sporulation medium (SPM)". Error bars 
in d-f represent s.d. (n = 2). 
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Figure 3 | DNA-end resection is controlled by Sae2. a, Resection-mediated 
ssDNA formation at an HO DSB in wild-type SAE2 (filled squares), sae2- 
S267A (open triangle), sae2-S267E (open diamonds) or empty vector (solid 
circles) at indicated times after HO induction at the MAT locus (left), 5 kb 
downstream of MAT (centre) or LEU2 locus (right). b, Wild-type SAE2 
(squares) or sae2-S267E (diamonds) strains containing Cdc28-as1 were 
grown as in a but in the presence of dimethylsulphoxide (filled symbols) or 
1NM-PP1 (open symbols). Results are shown as means + s.d. (n = 5). 


Supplementary Fig. 3b). We therefore conclude that phosphorylation 
of Sae2 on Ser 267 by Cdc28/Cdk1 is required for effective DSB 
resection but that additional Cdk1 target sites are required for resec- 
tion to take place optimally. One candidate for such an additional 
CDK target is Rad9, which is phosphorylated by Cdc28 and was 
recently shown to affect DSB resection™. 

S. cerevisiae Mre11 is recruited quickly to DSB sites, then replaced 
by the HR protein Rad52 as ssDNA is formed in S and G2 cells”. We 
found that, like SAE2 deletion’, the sae2-S267A mutation caused 
Mrel1 foci to persist longer than in wild-type cells (Fig. 4a) and 
delayed Rad52 focus formation in S/G2 after X-ray treatment 
(Fig. 4b). In contrast, the sae2-S267E mutant displayed Mre11 focus 
disassembly kinetics similar to the wild-type strain (Fig. 4a), and in 
fact reproducibly formed Rad52 foci faster in S and G2 than the wild- 
type strain (Fig. 4b). As expected, essentially no Rad52 foci were 
detected in wild-type G1 cells, because DSBs are not efficiently 
resected. By contrast—and unlike the sae2-S267A mutant—the 
sae2-S267E mutant formed Rad52 foci in G1 at later time points 
(Fig. 4c), confirming that DNA ends are processed to some degree 
in this mutant even in the absence of active CDK (Fig. 3b). 

To address the impact of aberrant DSB processing on DSB repair, we 
irradiated asynchronous, G2-arrested and G1-arrested cell cultures, then 
kept cells in the same state (asynchronous, G2 or G1) for 6h to allow 
DNA repair. Cells were subsequently plated and colony formation was 
used to determine survival. When we analysed asynchronous cultures, 
the sae2A strain showed moderate hypersensitivity to radiation (as 
shown previously*’), and similar, although slightly more pronounced, 
hypersensitivities were displayed by the sae2-S267A and sae2-S267E 
strains (Fig. 4d). Moreover, the two Ser 267 mutations had markedly 
different effects in G1 and G2 (Fig. 4d). Thus, whereas the sae2-S267A 
strain was more sensitive to radiation than the control strain in G2, little 
or no G2 hypersensitivity was shown by the sae2-S267E strain. In con- 
trast, sae2-S267E cells showed marked hypersensitivity to radiation in 
G1, whereas the sae2-null and sae2-S267A cells did not. 

The above data suggested that the sae2-S267A and sae2-null strains, 
but not the sae2-S267E strain, are defective in HR because of impaired 
DSB resection in G2, and also suggested that the hypersensitivity of the 
sae2-S267E mutant to radiation in G1 reflects aberrant DSB resection, 
thus impairing NHEJ and/or triggering futile attempts to carry out HR 
in the absence ofa sister chromatid. To test these ideas, we determined 
HR and NHEJ efficiencies in various sae2 mutant backgrounds. When 
we used an assay in which HR intermediates were monitored by 
Southern blot analysis’, the sae2-null and sae2-S267A mutants 
showed delayed HR, whereas the sae2-S267E mutant showed slightly 
accelerated recombination (Fig. 4e and Supplementary Fig. 4). 
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Furthermore, by measuring NHEJ with an in vivo plasmid-recircular- 
ization assay~*, we found that cells lacking Sae2 or bearing the S267A 
mutation had enhanced (P< 0.05 compared with wild type) NHEJ 
efficiencies, regardless of whether the DSB contained a 5’ overhang, a 
3’ overhang or a blunt end (Fig. 4f). In addition, and in agreement 
with an increased propensity for DSB resection that would impair 
NHEJ, sae2-S267E mutant cells showed a decrease in NHEJ efficiency 
when overhang substrates were used (P < 0.05; Fig. 4f). By retrieving 
repaired plasmids from independent clones and sequencing them, we 
found that in wild-type cells most repair took place accurately or by 
micro-homology-mediated end-joining involving pairs of 4-bp 
repeats separated by 7 or 418 bp to create small or moderate deletions 
(Fig. 4g). In agreement with less efficient resection taking place in the 
sae2-null and sae2-S267A mutant strains, such cells favoured accurate 
repair or repair involving small (7-bp) deletions (P< 107°; Fig. 4g; 
similar data were reported for sae2A cells”’). In contrast, sae2-S267E 
mutant cells showed little accurate NHEJ and, instead, most repair 
products contained larger deletions of up to 2 kb (P< 10° *; Fig. 4g). 

Thus, Cdc28/Cdk1-mediated Sae2 phosphorylation modulates the 
balance between NHEJ and HR during the cell cycle. These results 
lend strong support to models in which the commitment to DSB 
resection is highly regulated to ensure that the cell engages the most 
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Figure 4 | Sae2 mutations affect Mre11 and Rad52 dynamics, and DSB 
repair. a, b, Percentages of S/G2 cells containing Mre1 1 (a) or Rad52 (b) foci. 
c, Percentage of G1 cells containing a Rad52 focus. d, Survival of sae2A 
mutants containing wild-type SAE2, sae2-S267A, sae2-S267E or empty 
vector grown asynchronously (Async) or arrested in G1 or G2, after 
irradiation with 300 Gy. Error bars represent s.d. (n = 2). e, Sister-chromatid 
recombination measured as described previously”. Standard deviations of 
two independent experiments are shown (see Supplementary Fig. 4 for 
details and representative blot). f, Plasmid cleaved by XhoI, SacI or Smal 
was transformed into strains and NHE)J efficiency was measured. Means and 
s.d. of three independent experiments are shown. g, Classes of plasmid 
rejoining products from 50 independent clones of each strain transformed 
with the Xho I-cut plasmid. 
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appropriate DNA repair pathway, thereby optimizing genome 
stability. As Sae2 has endonuclease activity'’, we favour a model in 
which Sae2, possibly in cooperation with the Mrel1—Rad50—Xrs2 
(MRX) complex, facilitates resection in S/G2 by mediating an endo- 
nucleolytic cleavage close to the DNA break, thus generating a clean 
end that can serve as an efficient substrate for nucleases such as MRX 
and Exol. Sae2 activity might be particularly important to initiate 
resection at DSBs that contain covalently bound proteins that would 
otherwise resist exonuclease action; indeed, this would explain why 
deletion of SAE2 causes defective removal of Spoll-DNA adducts 
during meiosis and marked hypersensitivity to camptothecin. Sae2 
might also initiate resection at radiation-induced DSBs that are res- 
istant to exonucleases because they bear protein—DNA crosslinks or 
complex damage to bases at their termini. By contrast, at sites of clean 
DSBs, SAE2 deletion would only slow down resection and ensuing 
HR, thus explaining why sae2 mutants are not as sensitive to radi- 
ation as other HR mutants”. Finally, we note that the motif encom- 
passing Ser 267 of Sae2 is highly conserved in Sae2 counterparts in 
higher eukaryotes, and that mutation of the analogous Thr 847 site in 
human CtIP to Ala (but not to Glu) yields hypersensitivity to camp- 
tothecin. This suggests that analogous CDK-control mechanisms for 
DSB resection operate in many other organisms. One exception to 
this, however, is likely to be provided by Schizosaccharomyces pombe, 
whose Sae2/CtIP homologue, Ctp1, lacks a CDK site analogous to 
Ser 267 of Sae2. In this case, it seems that, rather than controlling 
Ctp1 phosphorylation, the CDK machinery instead regulates the 
protein expression of Ctp1 (ref. 30). Nevertheless, although some 
species-specific variations undoubtedly exist, we speculate that 
Sae2/CtIP/Com1/Ctp1 proteins will turn out to have ubiquitous 
functions in facilitating DSB resection in S and G2 and modulating 
the choice of DSB repair pathway in eukaryotic cells. 


METHODS SUMMARY 


A sae2A strain in W303 background” was transformed with plasmids harbour- 
ing the indicated SAE2 mutant and used in all experiments except those listed 
below. For Figs la and 2b, a Sae2-TAP strain (Open Biosystems ) was used. In 
Fig. 2e, f, a strain harbouring the indicated Sae2 mutant at its chromosomal locus 
in the SK1 background was used. For Fig. 3, we deleted SAE2 ina strain harbour- 
ing the cdc28as1 allele in the JKM179 background’. The W5573-15D strain was 
used in Fig. 4a—c (ref. 25). A sae2-deleted OIS-15 strain was used in Fig. 4e (ref. 
27). Yeasts were grown with standard procedures. When indicated, cells were 
arrested in G1 with «-factor and in G2 with nocodazole. DNA resection assays”, 
focus formation”, recombination between sister chromatids?” and NHEJ 
assays”’ were as described previously. CtIP downregulation was as previously 
reported'’. Western blotting was by standard methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

TAP-tagged Sae2 immunoprecipitation. TAP complexes were purified by a 
variation of previously described methods*'. Cultures (250 ml) of TAP-tagged 
Sae2 variants were collected by centrifugation at 4°C and resuspended in 1 
volume of 50mM Tris-HCl pH7.5, 100mM NaCl, 1.5mM MgCh, 0.15% 
Nonidet P40 in the presence of protease inhibitor (Roche) and phosphatase 
inhibitors. Extracts were prepared with a One-Shot cell disruptor (Constant 
Systems) and centrifuged for 1 h at 3,000 r.p.m. (1,400g) and 4 °C. Next, samples 
were incubated for 2 h at 4 °C with IgG-Sepharose (Amersham) pre-equilibrated 
in the same buffer. The matrix was then packed in a column and washed with 
50 ml of the same buffer at 4°C. Next, the resin was resuspended in 100 pl of 
10mM Tris-HCl pH 8.0, 150mM NaCl, 0.1% Nonidet P40, 0.5mM EDTA, 
1mM dithiothreitol, transferred to a microcentrifuge tube, incubated for 2h 
at 16 °C and then overnight at 4 °C with 10 U of TEV protease (Qiagen) to release 
Sae2 complexes from the beads. Through this procedure, Sae2 retained half of 
the TAP tag that could then be detected with anti-TAP antibody (Open 
Biosystems). Samples were centrifuged for 1 min at maximum speed (2,900g) 
at 4°C; the supernatant was transferred to a new tube and 100 ul of sample 
loading buffer was added followed by immunoblot analysis by SDS-PAGE with 
the following antibodies: anti-TAP, anti-yS267 (custom made; Eurogentec), 
anti-PGK1 (Molecular Probes), Cdc28, Clb2 and Clb3 (Santa Cruz). 

Human cell survival assays. Human U2OS cells expressing siRNA-resistant 
wild-type or mutant GFP—CtIP fusions were downregulated for endogenous 
CtIP with a previously published siRNA’, and 72h afterwards were exposed 
to doses of camptothecin for 1h. Survivals represent the number of colonies 
formed after 12 days normalized with an unirradiated control. 

Sporulation efficiency. Homozygous diploids were grown overnight in YPAD 
medium, washed twice with warm sporulation medium, left in sporulation 
medium for 24h at 30°C, then fixed with 50% ethanol and stained with 4,6- 
diamidino-2-phenylindole (DAPI). The percentage of sporulated cells was deter- 
mined by microscopy”. 

DNA-end resection assay. Cultures of sae2A cdc28-as1 GAL1::HO strain trans- 
formed with wild-type SAE2, sae2-S267A, sae2-S267E or empty vector were 
grown to mid-exponential phase in raffinose. Samples were taken at indicated 
times after inducing HO by the addition of galactose. DNA was isolated, of which 
1 mg was blotted in neutral and denaturing conditions with a dot-blot manifold 
as described previously~’, then hybridized with radioactively labelled probes 
against the MAT locus, 5kb downstream of the MAT locus or LEU2 locus. 
Signals were quantified with a FLA-5000 instrument (Fuji) and values obtained 
in neutral conditions were normalized to those obtained under denaturing con- 
ditions (see Supplementary Fig. 3a). When indicated, 2 h before the addition of 
galactose, the culture was split in two and dimethylsulphoxide or Cdc28-as1 
inhibitor INM-PP1 (5 uM final concentration; Calbiochem) was added. 
Rad52 and Mrel11 foci analyses. Mrel1-YFP Rad52-RFP sae2A strain trans- 
formed with SAE2, sae2-S267A, sae2-S267E or empty vector was irradiated 
(30 Gy) with a Faxitron (Faxitron X-ray Corporation). Samples were taken, fixed 
by the addition of 0.1 volume of formaldehyde, washed three times with PBS, 
sonicated for 10s and mixed 1:1 with DAPI-containing mounting medium 
(Vector Laboratories Inc.). Microscopy was with a DeltaVision microscope 
(Applied Precision). A minimum of 50 G1 (unbudded) and 50 S/G2 (budded) 
cells were counted at each time point and for each sample. 

Survival of irradiation. sae24 mutants transformed with wild-type SAE2, sae2- 
S267A, sae2-S267E or an empty vector were grown asynchronously or were 
arrested with «-factor (G1) or nocodazole (G2); they were then irradiated with 
300 Gy (Faxitron), kept for 6h in the same cell-cycle stage and then plated. 
Colonies arising were normalized with respect to non-irradiated samples and 
plotted. 

NHEJ assays. A pRS416 vector restricted with XhoI, SacI or SmaI was trans- 
formed into cells harbouring various sae2 mutations. The number of colonies 
formed after 3 days was normalized with the number of colonies obtained in a 
parallel transformation with a circular pRS416 plasmid. Plasmids from 50 inde- 
pendent clones of each strain transformed with a Xhol-restricted plasmid as 
described previously were isolated and sequenced. 


31. Puig, O. et al. The tandem affinity purification (TAP) method: a general procedure 
of protein complex purification. Methods 24, 218-229 (2001). 
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Visualizing transient events in amino-terminal 
autoprocessing of HIV-1 protease 


Chun Tang’t, John M. Louis’, Annie Aniana', Jeong-Yong Suh’ & G. Marius Clore’ 


HIV-1 protease processes the Gag and Gag-Pol polyproteins into 
mature structural and functional proteins, including itself, and is 
therefore indispensable for viral maturation’*. The mature 
protease is active only as a dimer*> with each subunit contributing 
catalytic residues®. The full-length transframe region protease 
precursor appears to be monomeric yet undergoes maturation via 
intramolecular cleavage of a putative precursor dimer”, con- 
comitant with the appearance of mature-like catalytic activity”. 
How such intramolecular cleavage can occur when the amino and 
carboxy termini of the mature protease are part of an intersubunit 
B-sheet located distal from the active site is unclear. Here we visu- 
alize the early events in N-terminal autoprocessing using an inact- 
ive mini-precursor with a four-residue N-terminal extension that 
mimics the transframe region protease precursor”. Using para- 
magnetic relaxation enhancement, a technique that is exquisitely 
sensitive to the presence of minor species'*"*, we show that the 
mini-precursor forms highly transient, lowly populated (3-5%) 
dimeric encounter complexes that involve the mature dimer inter- 
face but occupy a wide range of subunit orientations relative to the 
mature dimer. Furthermore, the occupancy of the mature dimer 
configuration constitutes a very small fraction of the self-associated 
species (accounting for the very low enzymatic activity of the pro- 
tease precursor), and the N-terminal extension makes transient 
intra- and intersubunit contacts with the substrate binding site 
and is therefore available for autocleavage when the correct dimer 
orientation is sampled within the encounter complex ensemble. 
The regulation of HIV-1 protease autoprocessing is modulated by 
the N-terminal flanking transframe region (TFR) sequence (Fig. 1a)’. 
The catalytic activity of the monomeric protease precursor is approxi- 
mately three orders of magnitude less than that of the mature protease 
dimer (which has a monomer-—dimer equilibrium dissociation con- 
stant Ky < 10nM)*°. The appearance of mature-like catalytic activity 
and stable dimer formation is directly correlated with a single rate- 
limiting step comprising intramolecular (first order) cleavage of a 
putative transient dimeric precursor species at the p6?°'-protease 
(PR) junction””'®. Mutations within the latter that prevent cleavage 
lead to the production of an N-terminally extended 17-kDa protease 
precursor species, and cause a severe defect in Gag polyprotein proces- 
sing and the complete loss of viral infectivity in vivo'”’*. Subsequent 
cleavage at the C terminus of protease at the PR—-reverse transcriptase 
(RT) junction (Fig. la) occurs via an intermolecular (second order) 
reaction catalysed by a fully active protease dimer’’. Mutations within 
the PR-RT junction that block C-terminal cleavage do not signifi- 
cantly affect either enzymatic activity and dimerization of the protease 
in vitro'°”° or processing of HIV-1 precursor proteins, virus matura- 
tion, viability and morphology in vivo”, indicating that the presence of 
the C-terminal reverse transcriptase sequence has negligible influence 
on the protease precursor'’®*®’. Thus, only autoprocessing at the N 


terminus of protease at the p6?°'-PR junction is an absolute prerequis- 
ite for stable protease dimer formation, the appearance of mature 
catalytic activity and complete processing of viral precursors. Before 
cleavage at the p6?°-PR junction, intermediate precursor forms may 
be liberated by intramolecular cleavage at competing sites (for 
example, p2-NC and TFP-p6"°; see Fig. 1a) that become available 
for productive binding and hydrolysis'', but these precursors will show 
the same low catalytic activity as that of the p6?°—PR precursor™"”. 

As little as a four-residue extension at the N terminus of protease, 
corresponding to the C-terminal residues of p6?”, in conjunction with 
a D25N mutation result in an effectively monomeric species”. 
Disruption of the native protease dimer by N-terminal extension is 
due to removal of the protons on the secondary amine of the 
N-terminal proline residue, disrupting the interstrand hydrogen bond 
between the amine of the N-terminal proline of one subunit and the 
C-terminal carbonyl oxygen of the second subunit®. C-terminal exten- 
sion, however, does not have an impact on this interstrand hydrogen 
bond because the secondary amine of Pro 1 is preserved. Therefore, we 
made use of the mini-precursor, bearing only the N-terminal cleavage 
site, to visualize the early transient events involved in autoprocessing 
of the protease at the p6?°PR junction that is required for the forma- 
tion of a fully active, stable protease dimer. 

The optimized mini-precursor protease construct *'“"PR(D25N) 
comprises a four-residue N-terminal extension (Ser-Phe-Asn-Phe) 
derived from the TFR (Fig. 1a), a D25N mutation to abolish all residual 
catalytic activity, and C67A and C95A mutations to remove surface 
cysteines (Supplementary Fig. la)*'®!’. The corresponding active 
SFNFPR(D25) mini-precursor construct undergoes autoprocessing 
during expression to release the mature protease (see Methods). 
NMR analysis of SENEpR(D25N) shows that it is monomeric (with 
an upper limit of ~10% dimer from translational diffusion measure- 
ments); the secondary and tertiary structures of the mature protease 
are preserved with the exception of the N- and C-terminal strands 
which form an intersubunit four-stranded anti-parallel B-sheet in 
the mature dimer; and residues —4 to 9 and 95—99 are disordered 
and highly mobile (see Methods and Supplementary Fig. 1b-e). 

Because enzymatically active protease is dimeric, and the rate- 
limiting step in autoprocessing is unimolecular’’, transient self- 
association of the precursor must occur to initiate autoprocessing. To 
visualize this phenomenon we measured intermolecular paramagnetic 
relaxation enhancements (PREs) by introducing a spin label via con- 
jugation to three engineered surface-exposed cysteine residues: T12C, 
E34C and V82C (one at a time). These sites are frequently mutated in 
viable HIV-1 variants”. T12C and V82C are located at the periphery of 
the substrate-binding cleft in the mature dimer, whereas E34C is rela- 
tively far removed from the dimer interface (Fig. le, f). In a rapidly 
exchanging system, the PRE 'Hy-I’ rates”! are population-weighted 
averages of the PRE rates of the species present'*'*. Because the PRE rate 
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for a paramagnetic centre-proton pair is proportional to the <r ° > 
average of the distance between them, and the PRE effect is large owing 
to the high magnetic moment of an unpaired electron, the PRE in the 
fast exchange regime is very sensitive to the presence of lowly populated 
(<5%), highly transient species in solution providing there are para- 
magnetic centre-proton distances in the minor species that are shorter 
than in the predominant species'*">. 

PREs were measured on a 1:1 mixture of 0.2 mM U-[*H/°C/N]- 
labelled S*N'PR(D25N) and spin-labelled SFNFPR(D25N) at natural 
isotopic abundance. Because 'Hy-I°, rates are measured using 
'H-PN correlation-based experiments”', the observed 'Hy-I> rates 
arise solely from intermolecular interactions between the spin-labelled 
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Figure 1| Intermolecular PRE profiles. a, Organization of the Gag-Pol 
polyprotein’*. b—d, Intermolecular PREs observed on U-[*H/'°C/ °N]- 
labelled S*\*PR(D25N) originating from a spin label conjugated to T12C 
(b), E34C (€) and V82C (d) of **“FPR(D25N) at natural isotopic abundance. 
Residues broadened beyond detection are denoted by open bars. Error bars 
represent 1 s.d. I rates back-calculated from the structure of the mature 
dimer (for the core residues 10-94) at populations of 1% and 2% are shown 
as blue and green lines, respectively. Average I’, rates derived from the top 20 
structures of the N,. = 4 simulated annealing calculations at a population of 
5% heterodimer are shown as black lines. Grey shaded areas delineate 
residues that are buried at the dimer interface in the mature protease. 

e, f, Observed intermolecular PREs originating from the spin label attached 
to T12C (e) and V82C (f) colour-coded on a ribbon diagram of the mature 
dimer” (spin label attached to the blue subunit). Atomic probability density 
maps” (plotted at a threshold of 10% of maximum) showing the 
distribution of the spin-label oxygen radicals are shown as red meshes. 
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protein and the isotopically labelled protein (Fig. 1b—d). For the E34C 
spin label, no 'Hy-T3 rates greater than 5 s | are observed (Fig. 1c); 
this sample therefore provides a negative control, excluding the exist- 
ence of solvent PRE effects arising from diffusion and random elastic 
collisions, or from direct intermolecular interactions between the spin 
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Figure 2 | Ensemble simulated annealing and the protease mini-precursor 
encounter complex ensemble. a, PRE Q-factor as a function of ensemble size 
and population of heterodimer. Dashed line denotes the expected Q-factor 
when agreement between observed and calculated I"; rates is comparable to the 
experimental error in the measurements. b, Correlation between observed and 
calculated I’, rates for N. = 4 and a heterodimer population of 5%. Q.. is the 
ensemble of ensembles average PRE Q-factor for the 20 calculated N, = 4 
ensembles and r the correlation coefficient. Error bars ina and b represent 1 s.d. 
c, Atomic probability density map” (grey mesh, plotted at a threshold of 20% of 
maximum) showing the distribution of the spin-labelled subunit relative to the 
isotopically labelled subunit (red ribbon) in the SENEDR(D25N) encounter 
complexes. The location of the second subunit in the mature dimer is shown as 
a blue ribbon. d, Orientations in spherical coordinates of the vector joining the 
centre of masses of the two interacting molecules in the encounter complexes 
relative to the coordinate system shown in ¢ with the z axis corresponding to the 
C, symmetry axis of the mature dimer. The ¢,0 angles for the mature dimer are 
located at the crosshair. e-g, Representative encounter complexes (labelled and 
denoted by red dots in d) corresponding to the structures with the closest 
spherical angles (e), the smallest d.r.m.s. (f) and the smallest atomic r.m.s. 
displacement (g) relative to the mature dimer. The Cx atom of Gly 51 at the tip 
of the flap is shown as a sphere to guide the eye. The isotopically labelled and 
spin-labelled subunits are shown in red and grey, respectively; the blue subunit 
corresponds to the orientation relative to the red subunit seen in the mature 
dimer. h, Histogram of the d.r.m.s. metric for the N, = 4 structures (total of 20 
xX 4 = 80 conformers) at a population of 5% heterodimer. 
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label and the U-[*H/'°C/'°N]-labelled protein. The PRE profiles for 
the T12C (Fig. 1b) and V82C (Fig. 1d) spin labels are similar but the 
magnitude for the latter is 4- to 8- fold greater than for the former. 
Within the ordered core of the precursor (residues 10-94), large inter- 
molecular PREs are observed for residues 21—30, 46-55 and 80-85 
located at or close to the dimer interface. Residues 21-30 encompass 
the catalytic triad, residues 46-66 correspond to the flap region which 
gates the active site, and residues 80-81 and 83-84 are located in the 
substrate binding cleft (Fig. le, f). In addition, the N-terminal region 
experiences sizeable PREs from the T12C (Fig. 1b) and V82C (Fig. 1d) 
spin labels. These data demonstrate that transient self-association of 
the precursor involves residues located at the dimer interface in the 
mature dimer. A similar intermolecular PRE profile is observed from 
V82C_spin-labelled, full-length TFR-PR(D25N) precursor to 
U-[?H/8C/SN]-FNFPR(D25N), indicating that the transient dimer- 
ization interface is preserved on further N-terminal extension of the 
protease precursor (Supplementary Fig. 2a). 

Back-calculation of the PREs from the structure of the mature dimer 
shows that almost zero PRE values are expected for the T12C and E34C 
spin labels at a population of 1-2% mature heterodimer (Fig. 1b, c). For 
the V82C label, small PRE values at a population of 1—2% mature hetero- 
dimer are predicted for residues 27—30 and 48-50 (Fig. 1d, blue line). The 
mature dimer does not predict the large observed PRE values observed for 
residues 20-26, 30-35 and 80-83. Furthermore, in the mature dimer 
residues 80-83 of one subunit are located on the opposite side of the dimer 
interface from residues 80-83 of the other subunit, and thus the large 
intermolecular PREs observed from the V82C spin label to residues 80-83 
would require a ~ 180° rotation of one subunit relative to its position in 
the mature dimer. Thus, the upper limit of the total population of mature 
dimer (heterodimer and homodimer) cannot exceed 24%. 

Transient interactions between **“*PR(D25N) precursor monomers 
were visualized semi-quantitatively using rigid-body simulated anneal- 
ing calculations'*'*” to optimize the agreement between observed and 
calculated I’, rates arising from the T12C, E34C and V82C spin labels 
simultaneously (see Methods). The flexible N- and C-terminal regions 
(residues —4 to 9 and 95-99, respectively) were excluded from the 
calculations. A single conformer representation (N. = 1) for the tran- 
sient dimer does not account for the PRE data and even at a heterodimer 
population of 15% the PRE Q-factor”’ (see Methods for definition) has 
a value of greater than 0.4 (Fig. 2a). Thus, the dimeric SENFDR(D25N) 
precursor is an ensemble of multiple encounter complexes. For N. = 2, 
the average PRE Q-factor decreases rapidly as the heterodimer popu- 
lation is increased above 1%, levelling off at a population of ~5% 
(Fig. 2a). The best results are obtained with N. = 4, and larger ensemble 
sizes are unjustified and would result in over-fitting the data. For 
N. = 4, the PRE Q-factors at a heterodimer population of 3-5% are 
close to the expected PRE Q-factor based on experimental error 
(Fig. 2a), consistent with translational diffusion data (Methods and 
Supplementary Fig. 1d). Given a total protein concentration of 
0.4mM, the apparent Ky for self-association is therefore 3-6 mM. A 
comparison of the calculated and observed PRE profiles and a correla- 
tion plot of observed versus calculated I’, rates for N. = 4 at a hetero- 
dimer population of 5% are shown in Fig. 1b—d and Fig. 2b, respectively. 

The distribution of the spin-labelled monomer relative to the iso- 
topically labelled monomer in the computed ensemble of 
SFNFPR(D25N) encounter complexes is shown in Fig. 2c. The 
predominant interactions between the two monomers involve the 
same residues that comprise the dimer interface in the mature dimer, 
and one subunit of the mature dimer is embedded within the 
ensemble distribution of the spin-labelled subunit. The orientation 
of the subunits in the encounter complex ensembles can be described 
by spherical angles describing the orientation of the vector joining the 
centre of masses of the two subunits to the coordinate axis frame. 
Many members within the calculated ensemble are clustered around 
the values corresponding to the mature dimer (Fig. 2d). This is 
reflected in the distribution of the distance root mean square 
(d.r.m.s.; see Methods) deviation metric where over one-half of the 
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ensemble members have d.r.m.s. values less than 6 A (Fig. 2h). 
However, the structures with spherical angles close to the mature 
dimer (indicated by arrows in Fig. 2d) and low d.r.m.s. values have 
a widespread range of relative self-rotations, as illustrated by three 
examples comprising the ensemble members with the closest spherical 
angles to the mature dimer (Fig. 2e), the smallest d.r.m.s. (Fig. 2f) and 
the smallest Cx atomic r.m.s. displacement (Fig. 2g). The difference 
from the mature dimer in rotation angle about the axis joining the 
centre of masses of the two subunits ranges from 13° (Fig. 2g) to 135° 
(Fig. 2e), with an intermediate rotation angle of 70° for the structure in 
Fig. 2f (see Supplementary Fig. 3 for definitions). One can therefore 
conclude that the actual occupancy ofa structure within the encounter 
complex ensemble corresponding to the mature dimer is very small. 

To probe the conformational space sample by the disordered 
N-terminal flanking sequence of the *'N"PR(D25N) precursor we 
introduced a spin label on a Cys residue inserted immediately after 
the N-terminal serine (SCOFNFPR(D25N)). PRE measurements were 
carried out on a 1:1 mixture of 0.2 mM U-[*H/3C/PN] FPR sn 
precursor and 0.2 mM spin-labelled, natural isotopic abundance 

(OFNFPR(D25N) to detect intermolecular PREs, and on a sample of 
0.2 mM spin-labelled, U-[?H/'°C/'°N]-labelled °F? PR(D25N) to 
observe both inter- and intramolecular PRE effects. Although the over- 
all PRE profiles for the two samples are similar (although differences in 
detail are apparent), the magnitude of the PREs for the second sample 
is much larger than for the first, reflecting the contribution from intra- 
molecular PREs (Fig. 3a). The N-terminal residues —4 to 9, and resi- 
dues comprising the active site, flap and substrate-binding cleft, display 
large inter- and intramolecular PREs (Fig. 3a, c). The intermolecular 
PREs involving residues 82-84 are fully consistent with the large inter- 
molecular PREs observed on the N-terminal residues from spin- 
labelled V82C (Fig. 1d). These data indicate that the N-terminal tail 
can insert itselfinto the active site and make transient contact with both 
subunits in the encounter complex ensemble. The spin label is located 
four residues proximal to the scissile peptide bond, and the observation 
that large PREs are observed for both sides of the active site (see Fig. 3c) 
suggests that the tail shuttles back and forth within the substrate bind- 
ing cleft formed by the two subunits in the context of a dimer. Such 
translational movement is a functional requirement, as the protease 
precursor cuts the N-terminal transframe region in two major loca- 
tions before cleaving its C terminus (Fig. la)”'®. This is confirmed by 
the observation of a very similar intermolecular PRE profile from full- 
length TFR-PR(D25N) spin-labelled at position —44, four residues 
downstream from the TFP—p6"™ cleavage site at residues —48/—49, to 

U-[?PH/8C/N]SFNFPR(D25N) (Supplementary Fig. 2b). 

The C-terminal region of the **\'PR(D25N) precursor was spin- 
labelled at N98C. The resulting intermolecular PREs are much smaller 
than those with the spin label at the N terminus, but the PRE profiles are 
similar (Fig. 3b, d). Thus, the C-terminal flexible region can also make 
intermolecular contacts with the active site and substrate-binding cleft 
in the context of the precursor encounter complex ensemble. Because 
the N- and C termini are highly mobile, intermolecular PREs between 
the N- and C termini will be significantly attenuated. Nevertheless, 
intermolecular PREs are observed on residues 95-97 from the spin label 
at the N terminus (Fig. 3a), and on residues 5-8 (Fig. 3b) from the spin 
label at the C terminus (Fig. 3b). Small intermolecular PREs are also 
observed from the N98C spin label to the C-terminal region (residues 
95-99). These observations might suggest the existence of transient, 
loose interactions between the N- and C termini that may partially 
approximate a portion of the intersubunit B-sheet in the mature dimer. 

The PRE data presented here demonstrate that although the HIV-1 
protease precursor is predominantly monomeric, transient encounter 
complex dimers are formed using the same interface as that of the 
mature dimer but with a wide range of relative subunit orientations. 
Only a very small fraction of the encounter complexes adopt the same 
subunit orientation as in the mature protease, accounting for the very 
low enzymatic activity of the precursor. This small subset, which may be 
partially stabilized by transient, loose interactions involving the N- and 
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Figure 3 | PRE profiles with spin labels attached at the N- and C termini of 
the SFNFpR(D25N) mini-precursor. a, Intermolecular PREs (red) observed for 
a 1:1 mixture (0.2 mM each) of N-terminal spin-labelled S(OFNFDR(D25N) at 
natural isotopic abundance and U- (?H/3C/?N]-SFNFPR(D25N), and the sum 
of the inter- and intramolecular PREs (blue) observed for 0.2 mM N-terminal 
spin-labelled U- (?H/3C/5N]-SOFNEPR(D25N). Residues broadened beyond 
detection are denoted by open bars. b, Intermolecular PREs observed for a 1:1 
mixture (0.2 mM each) of U-[*H/°C/°N]-**FPR(D25N) and C-terminal 
spin-labelled (at N98C) SFN*PR(D25N) at natural isotopic abundance. Grey 
shaded areas in a and b delineate residues that are buried at the dimer interface 
in the mature protease. Error bars in a and b represent 1 s.d. ¢, d, Inter- and 
intramolecular PREs with I’, rates >10 s ! colour-coded in red and blue, 
respectively, onto the molecular surface of the mature protease dimer 
originating from the N-terminal (c) and the C-terminal (d) spin labels. The 
intramolecular PRE rates are given by the difference in PRE rates between the 
blue and red profiles in a. Cartoons of modelled N-terminal (residues —4 to 9) 
and C-terminal (residues 95-99) regions bearing the spin labels are included in 
c and d, respectively. 


C-terminal regions, can accommodate transient insertion of the 
N-terminal region including the N-terminal cleavage site in the sub- 
strate binding cleft, thereby providing a structural model for autopro- 
cessing at the N terminus of the protease leading to the formation of a 
stable dimer with mature catalytic activity. 


METHODS SUMMARY 

Sample preparation and NMR spectroscopy. Protein expression, mutagenesis, 
purification and conjugation of engineered surface cysteine residues to 3-iodo- 
methyl-(1-oxy-2,2,5,5-tetramethylpyrroline) are described in the Methods. 
Samples for NMR were in 20mM sodium phosphate buffer, pH 5.8. NMR 
experiments were collected at 20°C at a 'H spectrometer frequency of 
600 MHz. 'Hy PRE data were acquired using a two-dimensional 'H—'°N cor- 
relation-based pulse scheme with an interleaved two time-point measurement”’. 
Simulated annealing calculations. Conjoined rigid-body/torsion angle 
dynamics simulated annealing calculations on the basis of the PRE data were 
carried out using Xplor-NIH” as described". 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Vector construction and protein sample preparation for NMR studies. 
Mutations T12C, E34C, V82C and N98C within the 99-amino-acid-long HIV-1 
protease sequence and the mutation to insert a Cys in the flanking SFNF sequence 
(C-terminal residues of p6” °! within the transframe region; see Fig. la and 
Supplementary Fig. 1) to generate “‘©**PR(D25N) were introduced in the 
SENFPR(D25N) template® using the appropriate forward and reverse primers 
and the QuikChange kit and protocol (Stratagene). The S(OFNEDR(D25N) con- 
struct was used because we were unable to obtain efficient spin-labelling of a 
precursor protein bearing an N-terminal cysteine. Mutations A(—44)C (fifth 
residue of p6? °l) and V82C (in the protease sequence) were also introduced in 
the full-length TFR-PR(D25N) construct (that is, TEP—p6P°-PR(D25N); see 
Fig. la and Supplementary Fig. la) using the same protocol. (The TFR is 56 
residues in length and adopts a random coil conformation.) The newly introduced 
mutations were verified both by DNA sequencing and mass spectrometry. (Note 
that the **\?pr(D25N) template, in addition to the D25N mutation which elim- 
inates all traces of catalytic activity, and the C67A and C95A mutations which 
remove all additional surface cysteine residues other than that to which the spin 
label is going to be attached, also contains three other mutations, Q7K, L331 and 
L63]; the latter three mutations restrict autoproteolysis of the mature protease 
dimer, and have been shown to have indiscernible effects on structure, stability 
and catalytic activity of the mature dimer'®.) 

Escherichia coli BL21 (DE3) host cells bearing the appropriate vector were 
grown in Luria-Bertani medium or in D,O-based minimal medium containing 
'SN-NH,Cl and |? C¢,’H7-glucose as the sole nitrogen and carbon sources, 
respectively, at 37 °C, and induced for expression. Proteins were purified from 
inclusion bodies using an established protocol as described previously involving 
size-exclusion chromatography under denaturing conditions followed by 
reverse-phase HPLC®”®. Peak fractions (~0.5 mg ml_') were stored in aliquots 
at —70 °C. Alternatively, two aliquots (2.5 mg) of the proteins were lyophilized 
and stored at —20°C. 

A total of 2.5 mg of the lyophilized protein was dissolved in 1.2 ml of 4M 
guanidinium-HCl, 1.7 mM HCL, pH 1.6. Spin-label conjugation was carried out 
by dissolving 0.5mg of 3-iodomethyl-(1-oxy-2,2,5,5-tetramethylpyrroline) 
(catalogue number 1709500; Toronto Research Chemicals) in 10 pl of ethanol, 
followed by the addition of 140 ul of 1 M Tris-HCl, pH 8, and adding the result- 
ing mixture to the protein solution. After incubation for 1h at room temper- 
ature, 30 pl of 1 M dithiothreitol was added and the incubation continued for 
another 1.5 h. The sample was loaded onto a Superdex-75 column (1.6 X 60 cm, 
GE HealthCare) equilibrated in 4 M guanidinium-HCl, 20 mM sodium formate, 
pH 2.6, at a flow rate of 1.4ml min! at room temperature. Peak fractions were 
pooled and the concentration was estimated by measuring absorbance at 
280 nm. The extent of labelling was 100% as determined by MALDI-TOF ana- 
lysis on a Voyager-DE instrument (Perceptive Biosystems). Spin-labelling does 
not perturb the structure of the S*N’PR(D25N) mini-precursor as judged by 
NMR spectroscopy. The three mutations within the protein core, T12C, E34C 
and V82C, are frequently mutated in viable HIV-1 variants and are therefore not 
expected to alter significantly the catalytic properties of the protease’. It should 
be noted that V82C is located close to the substrate binding cleft comprising 
residues 80-81 and 83-85, but its side chain points outwards towards solvent. In 
the one instance where kinetic data are available for a mutation at position 82 
(V82A), only a modest 10-15% decrease in k.at/Km relative to wild type is 
observed, and structural differences between wild-type protease and the V82A 
mutant are insignificant, with an r.m.s. deviation between the two crystal struc- 
tures of only 0.12 A for all main chain atoms’. Thus, the presence ofa bulky spin 
label at position 82 would not be expected to result in a major perturbation in 
catalytic activity. 

After extensive dialysis against 7mM HCl, 1.4mg each of the conjugated 
protein and the U-(?H/°C/N]-labelled SFX*PR(D25N) protein were mixed 
and adjusted to a final concentration of 0.25 mg ml ' protein, 35% acetonitrile 
and 0.05% trifluoroacetic acid. The solution was dialysed against 21 of 7 mM HCl 
and 41 of 20mM sodium phosphate, pH 5.8, each for a period of 1.5—2 h and 
concentrated to ~4001.M using Amicon Ultra-4 (10,000 MWCO) devices. 
Protein concentration (mg ml ') was determined spectrophotometrically using 
é (0.1%) = 1.097 at 280 nm. 

Control active ‘**PR(D25) mini-precursor protease construct. The 
SENFPR(D25N) precursor construct does not undergo autoprocessing owing to 
the substitution of the active site Asp 25 by Asn. To verify that **'PR(D25N) 
represents a suitable model system we examined the autoprocessing activity of 
the corresponding **NPR(D25) precursor; that is, the precursor without the 
active site mutation. Most of the expressed protein undergoes maturation at the 
N terminus (between Phe-Pro) of the protease in the control SENFpR(D25) 
precursor to produce the mature protease as expected. This was confirmed by 
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subjecting an aliquot of the purified (dissolved) inclusion bodies to electrospray- 
mass spectrometry. The measured mass of 10,728 Da clearly corresponds to the 
PR(D25) mature protease (calculated mass of 10,728.3 Da). Under identical 
conditions of analysis for S*’*PR(D25N), which is devoid of catalytic activity, 
only the full-length protein corresponding to a mass of 11,222 Da (calculated 
mass of 11,222.8 Da) is observed consistent with previous observations from 
studies using the inactive full-length TFR-PR(D25N) precursor, which does 
not undergo maturation’, as compared to the active TFR—PR(D25) precursor, 
which exhibits time-dependent processing at the p6?°—protease junction to 
release the mature protease”'®. 
NMR experiments. All NMR data were acquired at 20 °C on a Bruker DRX600 
spectrometer equipped with a z-gradient triple resonance cryoprobe. 
Measurement of translational diffusion coefficients (D,) by pulse field gra- 
dient NMR’* was carried out using the Watergate BPP-LED pulse scheme 
described previously”. The translational diffusion coefficient D, is derived from 
a linear least-squares fit to a plot of In[I(f)/I(fo)] versus (f — fo’): 


Inf f/I(fo)] = —(V8Gmax) (fF = fo°)(A — 8/3 = 1/2) Dy 


where I(f) and I(fo) are the intensities of the NMR signal at fractional gradient 
strengths of fand fp; fo is the fractional gradient strength of the reference spec- 
trum (0.1); fis the fractional gradient strength with values of 0.2, 0.3, 0.4, 0.5 and 
0.6 times G,,,x, the maximum gradient strength (70 X 10 * Tcm'); y is the 
gyromagnetic ratio of 'H (2.6752 x 10°s_-'T~!); A = 15.4ms; 6 = 5 ms (gra- 
dient duration); and t = 0.2 ms. The overall diffusion delay is 10 ms. The value of 
the scaling factor (yO Gmnax)°(A— 6/3 — 1/2) is 1.19 X 10'°sm *. The values of D, 
were 9.3(+0.4) X 10-1! and 12.9(+0.5) X 107 '! m?s~! for the °*X*PR(D25N) 
precursor and the mature PR(D25N) dimer, respectively, at the same (0.4 mM) 
subunit concentration (Supplementary Fig. 1d). The ratio of the two D, values 
(0.72 + 0.04) is fully consistent with the expected value of 0.75 for a 
Dmomomer /Fydimer ratig?s, placing an upper limit of about 10% for the population 
of dimeric species. 

'°N-{'H} heteronuclear NOE measurements were carried out using a flip- 
back scheme as described*’. Residues —4 to 9 and 95-99 of S*NFpR(D25N) have 
heteronuclear '°N-{'H} NOE values ranging from —1 to 0.5 indicating that they 
are disordered and highly mobile. Backbone assignments were derived using the 
following three-dimensional triple resonance experiments: HNCO, HN(CO)CA 
and CBCA(CO)NH?!*’. The weighted mean backbone chemical shift difference 
between different constructs is given by [45° yy + A6?x/25 + Ad°¢,/4]"? as 
described previously*®. A comparison of 'H/'°N/'*Co. chemical shifts reveals 
significant perturbations relative to the corresponding mature dimeric 
PR(D25N) for residues located at the dimer interface (Supplementary Fig. 
1b), but only minor perturbations relative to the equivalent monomeric 
PR(1-95) construct obtained by deletion of the C-terminal four residues 
(Supplementary Fig. 1c)°. Analysis of the chemical shift index (based on '°Co,, 
CB and 13C’ shifts)** for S*NFPR(D25N) and PR(D25N) indicates that the 
secondary structure elements are preserved in the precursor with the exception 
of the N- and C-terminal strands which form an intersubunit four-stranded 
antiparallel B-sheet in the mature dimer (Supplementary Fig. le). 

PRE !Hy-I> rates are given by the difference in R; relaxation rates between the 
paramagnetic (spin-labelled) and diamagnetic states of the protein. R, rates were 
determined from a two-time-point interleaved two-dimensional 'H—'°N cor- 
relation-based experiment, as described previously”’. The time interval between 
the two time points was 32 ms for the intermolecular PRE measurements and 
4 ms for the intramolecular PRE measurements. The short time interval for the 
latter is used to minimize any errors in I’, rates introduced by any potential 
diamagnetic contamination (that is, spin-labelling less than 100%)". 

Tertiary structure of **\*PR(D25N). To verify that the tertiary structure of the 
ordered region of SENFDR(D25N) (that is, residues 10-94) is the same as that of 
an individual subunit of the mature protease, we made use of the CS-Rosetta 
chemical shift structure determination algorithm which uses a hybrid approach 
of chemical-shift-based fragment selection and ROSETTA Monte Carlo driven 
fragment assembly”. The resulting ten lowest energy models are essentially 
identical to the corresponding region of the mature dimer with a backbone 
r.m.s. deviation of only 1.3 + 0.2 A (Supplementary Fig. le). 

PRE calculations and ensemble refinement. Because the electron relaxation 
rate t, of the free radical is much longer than that of the protein rotational 
correlation time t,2!, the PRE correlation time t, [= (t, | + t, ')~'] for the 
calculation of intermolecular PRE rates was assumed to be the same as T, (12 ns) 
for the mature protease dimer*’. To account for the flexibility of the linker 
between the spin label and the protein backbone, a ten-conformer randomized 
ensemble was used to represent the conformational space sampled by the spin 
label. The randomized ensemble was generated by high-temperature simulated 
annealing and slow cooling in Xplor-NIH” subject to a target function compris- 
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ing stereochemical terms, a quartic van der Waals repulsion term to prevent 
atomic overlap between the spin label and the protein, and a multidimensional 
conformational database potential of mean force*’ describing the o/\)/x, con- 
formational space available to the surface cysteine residue to which the spin label 
was conjugated. Note that overlap between the members of the Cys spin-label 
ensemble is permitted as the ten-member ensemble represents a distribution of 
states. To ensure full sampling of the conformational space available to the spin 
label a different ten-conformer randomized ensemble was used for each struc- 
ture calculation. Agreement between observed and calculated I, rates is given by 
the PRE Q-factor, Qppr:”” 


2 2 uv 
Qore = > {rev—pirssy} 0 (Te) | 


where ISS and (IS"*) are the observed and ensemble average calculated trans- 
verse I’, rates for residue i, respectively, and p is the overall population of the 
encounter complex species. All members of an ensemble of size N. are weighted 


2 


equally. For the average Q-factor < Q> for all calculated n ensembles, (TS) is 
averaged over the members of each N. ensemble. For the ensemble of ensembles 
average PRE Q-factor, Qee, (I'S'i*) is averaged over all ensemble members and all 
ensembles". 

The coordinates used in the Xplor-NIH” calculations were taken from the 
X-ray structure of the unliganded mature HIV-1 protease dimer (Protein Data 
Bank accession code 1HHP)™. Residues 10-94 were treated as a rigid body, and 
the flexible N- and C-terminal residues were not included in the calculations. The 
coordinates of the isotopically labelled subunit were held fixed, the initial posi- 
tions of the spin-labelled subunit (at natural isotopic abundance) were rando- 
mized, and rigid-body simulated annealing was carried out against the PRE data 
sets for the spin label conjugated to the T12C, E34C and V82C sites simulta- 
neously. The target function comprises a PRE restraint term”’, a quartic van der 
Waals repulsion term to prevent atomic overlap between the spin-labelled and 
isotopically labelled subunits, and a very weak radius of gyration term™ to ensure 
that each member of the ensemble makes at least some intermolecular con- 
tacts'**’. Note that atomic overlap between ensemble members of spin-labelled 
subunits is permitted as these represent separate but rapidly interconverting 
configurations of the encounter complex species'**’. A grid search was performed 
varying the population of heterodimer and the ensemble size N. used to represent 
the self-associated species'*. For each ensemble size and population of encounter 
complex species, 100 calculations were carried out. Ensembles were ranked by 
PRE Q-factor and van der Waals repulsion energies, and the top 20 ensembles 
with the smallest PRE Q-factors were used for subsequent analysis”. Structures 
were rendered using PyMol (http://www.pymol.org) and re-weighted atomic 
probability density maps were generated using Xplor-NIH” as described”. 
d.r.m.s. metric. One metric we used to compare the precursor encounter com- 
plexes with the mature dimer was the distance root mean square (d.r.m.s.) metric 
defined by”: 


qbrecursor = qmature 
ij ij 


d.t.m.s. = a 


ij 


where Nis the number of distinct residue pairs (i, j), and apes and dyer are 
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the distance matrices in a calculated precursor encounter complex structure and 
the mature HIV-1 protease dimer structure, respectively. 

Spherical coordinate systems used to describe relative subunit orientation in 
the encounter complexes. Two spherical coordinate systems are used to describe 
the relative orientation of the subunits in the precursor encounter complexes”. 
The first (polar angle ¢ and azimuth angle @) describes the orientation of the 
vector joining the centre of masses of the two subunits (shown as grey spheres in 
Supplementary Fig. 3a) to an external axis system with the z axis corresponding 
to the C, symmetry axis of the mature dimer. The second (polar angle « and 
azimuth angle f) describes the orientation of a vector joining the centre of mass 
of the second subunit to an arbitrarily chosen atom of the same subunit (Co 
atom of Gly 51) relative to an axis system with the z’ axis given by the vector 
joining the centre of masses of the two subunits (with the red subunit in Fig. 2 
corresponding to the fixed reference subunit) (Supplementary Fig. 3a). 
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Until now, metabolomics researchers have had to adapt technology developed mainly for proteomics. 
But there are now solutions designed with them in mind. Nathan Blow reports. 


Metabolomics — the comprehensive study 
of metabolic reactions — is gaining ground 
alongside its older siblings genomics and pro- 
teomics. “Unlike some of the other ‘omics’ 
that we have seen, metabolomics is going 
to produce a lot of useful information right 
from the start,” says Gary Siuzdak, professor 
of molecular biology at the Scripps Research 
Institute in La Jolla, California. He is one of a 
growing number of biologists using advanced 
technology to explore biochemical questions 
ona scale that would have seemed impossible 
a decade ago. 

“The metabolome is the best indicator of 
an organism's phenotype,’ says David Wishart 
at the University of Alberta in Edmonton, 
Canada. Wishart was one of the instigators of 
the Human Metabolome Project, a US$7.5- 
million effort funded by Genome Canada to 
systematically characterize the metabolites 
of the human body. He gives the example of 
a person holding their breath for five min- 
utes. Although genomic or proteomic analy- 
sis would not provide any evidence of stress 
during this short period — even as the person 
turns blue — metabolite profiles would show 
dramatic changes within the body. 

Unlike a genome or even a proteome, how- 
ever, a metabolome is tricky to pin down. 
Wishart notes that although researchers know 
there are 3 billion base pairs in the human 
genome, if you ask biochemists how many 
small-molecule metabolites there are in the 
human body, they come back with numbers 
ranging from 3,000 to 100,000. And this poses 
a real challenge for metabo- 
lomics research, as both ends of 
the scale could be correct. 

The Human Metabolome 
Project has pegged the number 
of endogenous metabolites 
in the human body at around 
3,000 — which most researchers 
agree on. But humans also take 
in small molecules from the 
environment — preservatives 
in food, chemicals in the air, 
metabolites produced through 
the breakdown of drugs and 


Gary Siuzdak: developing 
new approaches to 
metabolite identification. 


The Pegasus 4D GCxGC MS TOF system enables multidimensional approaches to GC separation. 


metabolomes and understanding how changes 
in the concentrations of metabolites relate to 
human health and disease. 

One of the problems is that metabolites come 
ina variety of chemical forms. “I would say one 
of the real challenges of metabolomics is that 
each metabolite is its own unique puzzle,’ says 
Trent Northen, a scientist at Lawrence Ber- 
keley National Laboratory in 
California. And in most cases 
the first step in solving the puz- 
zle is isolating the metabolite 
for analysis. 

No one separation method 
works for all metabolites, so 
researchers rely on combina- 
tions of gas chromatography 
(GC), liquid chromatography 
(LC) and emerging capillary 
electrophoresis (CE). 

Historically, GC separation 
has had the edge. “GC-MS 


toxins — making an exact fig- 
ure hard to determine. 


Separation anxiety 

With metabolites in such a state of flux, 
researchers do not have an easy task. Never- 
theless, advances in chromatography, mass 
spectrometry (MS) and nuclear magnetic 
resonance spectroscopy (NMR) are allowing 
them to make headway in defining different 


technology may not be sexy, 
but huge databases are available,” says Northen. 
These GC-MS databases, compiled over more 
than four decades, enable researchers to com- 
pare a wide range of spectra to arrive at a chem- 
ical identification. 

Multidimensional GC, often called ‘GCxGC’ 
or two-dimensional GC, offers even better 
separation. “When people are doing GCxGC, 
they are trying to get more separation chroma- 
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tographically of very complex samples,” says 
Steven Fischer, a senior applications chemist at 
Agilent Technologies in Santa Clara, Califor- 
nia. To achieve this, GCxGC uses two separa- 
tion phases, such as a non-polar and a polar 
phase, in two capillary columns in series in the 
instrument. 

Agilent recently introduced the 7890 GC 
system, which can perform multidimensional 
GC, and Thermo Fisher Scientific in Waltham 
Massachusetts, has developed the Trace 
GCxGC system. The Pegasus 4D GCxGC MS 
time-of-flight (TOF) system from LECO, based. 
in St Joseph, Michigan, uses a thermal modula- 
tor placed between the two GC columns to col- 
lect effluent from the first column before going 
into the second phase of separation. The power 
of the multidimensional approach is starting to 
be reported. In May this year a group reported 
the use of GCxGC with LC-MS to generate a 
draft metabolic network for the single-celled 
alga Chlamydomonas reinhardtii’. 


Class action 

GC is particularly useful for mixtures of vola- 
tiles, such as steroids, saccharides and sugar 
alcohols, which can be sent directly into the 
gas phase for separation. Metabolites in human 
biofluids and tissues therefore present a tech- 
nical challenge for GC, as most are not volatile. 
Non-volatile metabolites either need compli- 
cated chemical transformation before GC or 
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separation by other types of chromatography. 

One of these is high-performance liquid 
chromatography (HPLC), a well-established 
lab workhorse. It uses a combination of sol- 
vents, pressure and matrix particle sizes to 
separate molecules on the basis of their reten- 
tion times in a column packed with matrix. 
HPLC can separate a broad range of metabo- 
lites, including non-volatiles, and remains a 
favourite among metabolomics researchers. 

Most advances in HPLC involve increases 
in the pressure applied and changes in matrix 
particle size. Ultra-performance liquid chro- 
matography (UPLC), commercialized by 
Waters Corporation in Milford, Massachu- 
setts, is becoming more widely used in the 
metabolomics community. It takes advantage 
of higher pressure (83 megapascals compared 
with 21 megapascals for HPLC) and smaller 
particles (less than 2 micrometres diameter 
compared with 3 microme- 
tres for HPLC) to obtain faster 
separation times. 

But like GC, HPLC has 
technical stumbling blocks. 
Reversed-phase HPLC (in 
which the stationary phase is 
non-polar) is often used for 
metabolomics analysis, but 
reversed-phase separation 
often fails with hydrophilic 
metabolites. These tend to 
be so water soluble that they 
interact poorly with the non- 
polar bonding phase and are 


rapidly eluted, according to Phil Koerner, a 
senior technical manager from chromatog- 
raphy specialists Phenomenex in Torrance, 
California. 

So in 2007, Phenomenex introduced the 
Luna HILIC column. “I like to refer to it as 
reverse reverse-phase chromatography,” 
says Koerner. In the HILIC approach, the 
weak solvent, which is applied first, is a polar 
organic solvent (not water as in reversed- 
phase HPLC), and the strong solvent, applied 
second, is water. This causes the order of elu- 
tion to be completely reversed, with the most 
hydrophilic compounds being eluted last. 
Although Koerner acknowledges that the 
HILIC approach is not new, it was the need 
to separate hydrophilic metabolites on the 
large scale required by metabolomics that led 
Phenomenex and other companies, such as 
Waters and Tosoh Bioscience of Stuttgart, Ger- 


HILIC columns are making the hunt for hydrophilic metabolites easier. 


many, to start supplying a greater number and 
range of HILIC columns. 

Capillary electrophoresis followed by MS 
(CE-MS) is not yet so popular with the metab- 
olomics community as either GC or HPLC, but 
several developers are hoping to change this. 
“Tt can be very difficult to use this approach,” 
acknowledges Ryuji Kanno, president of 
Human Metabolome Technologies based 
in Tokyo, Japan. This approach uses electro- 
phoretic mobility to separate low-molecular- 
weight ionic compounds that are difficult to 
separate by GC or HPLC. The company has 
been working closely with Agilent to develop 
optimized reagents and capillary columns, and 
is providing training with Agilent’s CE-qTOF 
MS system to make the CE approach more 
accessible to metabolomics researchers, says 
Kanno. 

Mass spectrometry is not the only method 
that can be used to detect 
metabolites once separated. 
Wishart and his colleagues 
recently compared MS and 
NMR to look at metabolites 
in cerebral spinal fluid”. They 
found little overlap in the 
metabolites detected by the 
two methods, and the con- 
clusion was clear: “We do not 
have a single perfect metabo- 
lite detector,” says Wishart. 

MS and NMR each have 
their supporters. “One of the 
main strengths of NMR is that 
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“There are a lot of small 


molecules that we do not even 
know about yet,” says Arthur 
Castle, programme director for 
the Roadmap Metabolomics 
Technology development 
programme at the US National 
Institutes of Health in Bethesda, 
Maryland. Metabolomics has a 
good handle on analysing human 
primary metabolites, but when 

it comes to lipids, secondary 
metabolites, xenobiotics and the 
products of gut microflora, we are 
just scratching the surface, says 
Castle. 

The problem is part 
technological, part informatics. 
Steven Fischer at Agilent 
Technologies in Santa Clara, 
California, points out that some 
compounds are not stable and 
undergo chemical transformation 
during separation. Researchers 
will probably still see these 
transformed molecules by mass 
spectrometry (MS), but they may 
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be misidentified, highlighting the 
need for follow-up experiments. 
And this is where metabolomics 
has an advantage over the other 
‘omics’. “There is 
so much knowledge 
of biochemistry 
that when we 
find a potential 
biomarker or anew 
drug mechanism 
we already knowa 
lot about it,” says 
Michael Milburn, chief 
scientific officer at 
Metabolon in Durham, 
North Carolina. 

Trent Northen, 
now at the Lawrence 
Berkeley Laboratory 


NIMS: nanostructured 
surface releases 
material. 


an ionization technique called 
nanostructure-initiator mass 
spectrometry (NIMS)*. The idea 
is to transfer a biomolecule into 
the gas phase from 
ananostructured 
surface simply by 
making that surface 
disappear. “We 
came up with the 
idea of putting a wax 
underneath, so when 
the nanostructured 
surface was irradiated 
it would melt and 
vaporize, allowing 
the molecule to go 
into the gas phase,” 
says Northen. They 
finally came up witha 


in Berkeley, California, 

and Oscar Yanes, working in 
Gary Siuzdak’s lab at the Scripps 
Research Institute in La Jolla, 
California, may have developed 
anew way to get at some of 
these ‘unknown’ molecules with 


perfluorinate surface 
for the trapped initiator phase. 
Siuzdak's group found that NIMS 
worked not only for proteins, but 
also for small molecules such as 
metabolites. “Perfluorinates do 
not ionize well, so it allows us to 
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see things in the lower mass region 
where metabolites like to hang 
out,” says Siuzdak. 

Using perfluorinated materials 
may have another advantage for 
metabolomics. “As these are highly 
hydrophobic surfaces, we can 
apply very dirty complex samples, 
suchas blood, for direct analysis,” 
says Yanes. If you put a drop of 
urine or blood on the NIMS chip 
the metabolites will attach, but all 
the salts and other chemicals that 
normally interfere with MS stay in 
solution. Yanes is now exploiting 
this property to follow drug 
metabolism by looking at uptake in 
blood, clearance in urine and tissue 
localization. 

For Siuzdak, exploring the 
‘unknown’ metabolite world is an 
exciting prospect. “We are getting 
involved in an area where we 
don't know what the molecules’ 
structures are or what they do, so 
it is really just a fantastic area for 
discovery.” N.B. 
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The maXis system from Bruker Daltonics can use both UPLC and CE separation approaches. 


it is an unbiased, universal detector,” says Jack 
Newton, a product manager at Chenomx in 
Edmonton, Canada, which was co-founded 
by Wishart in 2000. This attribute, along with 
NMR’ ability to determine structure and per- 
form quantitative analysis is particularly attrac- 
tive to metabolomics researchers who need a 
way to compare and exchange results between 
labs. “The move is afoot — people want to get 


to that common language of compound names 
and concentrations,’ says Wishart, as this will 
make integrating data sets and obtaining sys- 
tems-level views of cell physiology possible. 
The challenge with NMR is instrument 
sensitivity — NMR is less sensitive than MS, 
often identifying far fewer metabolites in 
the same sample. “For us, the relevant ques- 
tion is how sensitive do you need to be,’ says 


Newton. He says researchers at Chenomx have 
performed many studies in which biologically 
meaningful differences between samples were 
easily captured with NMR, even though some 
compounds in the samples probably fell below 
the sensitivity limits of the instrument (see 
‘Dark matter’). 

MS, on the other hand, is a very sensitive 
method for metabolite identification and, 
unlike NMR, is easily coupled to upstream sep- 
aration techniques. Siuzdak says his group can 
see thousands of molecules in an MS analysis 
— and that number can be doubled by chang- 
ing from positive- to negative-ion mode. And 
by using both reversed-phase chromatogra- 
phy and HILIC columns, they are seeing more 
hydrophilic compounds in their analyses than 
before. “I would venture that we are now seeing 
over an order of magnitude more than what 
you would see with NMR,” he says. 


Detector development 

As researchers in the MS camp turn towards 
TOF and ion-trap MS instruments for metabo- 
lite analysis, developers are responding to their 
complex needs. Bruker Daltonics in Billerica, 
Massachusetts, has introduced the maXis 
ultra-high resolution (UHR)-TOF MS system, 
which can accommodate both UPLC and CE 
separation. Applied Biosystems in Foster City, 
California, in collaboration with MDS SCIEX 
in Toronto, Ontario, have the ion-trap system 
4000 QTrap LC/MS/MS that can interface 
with Applied Biosystem’s LightSight software 
for small-molecule analysis and identification. 


WINE-OMICS 


For Kirsten Skogerson at the 


and gas chromatography-mass 


being in metabolomics — you get 


University of California, Davis, 
wondering about how chemical 
composition affects the flavour 
and body of a wine took her froma 
degree in viticulture and enology 
into metabolomics research. When 
Skogerson arrived in Oliver Fiehn's 
lab as a postgrad she looked for a 
project that would marry Fiehn's 
expertise in metabolomics and her 
interest in wine. 

“There are so many questions 
in wine science that you could 
start to answer by doing a global 
analysis,” she says. A deeper 
understanding of the biochemistry 
of grape-juice fermentation could 
help the winemaking industry 
by complementing the arts of 
the traditional wine taster. So 
Skogerson and Fiehn set out to 
survey wine ‘metabolomes', 
in search of key chemical 
components contributing to body. 

Using proton nuclear 
magnetic resonance (NMR) 


spectrometry (GC-MS), they 
looked at 17 different white 
wines with a wide range of body. 
For GC-MS analysis, they first 
removed the alcohol under reduced 
pressure and then ran samples 
onaLECO Pegasus IV GC TOF 
MS system and analysed the 
spectra using the BinBase program 
developed in Fiehn's lab. Each 
wine was also directly analysed 
ona Bruker Daltonics 600 mHZ 
NMR instrument with the resulting 
peaks being compared to the 
commercially available Chenomx 
NMR database for metabolite 
identification. “When you think 
about it, you have the grape 
metabolome being acted on by the 
yeast, plus the added complexity 
from the yeast metabolome, so the 
metabolite profile of a wine is very 
complex,” says Skogerson. 

They found a total of 413 
metabolites among the wines 
— probably only a small fraction of 


—_ 


the wine metabolome — of which 
108 could be positively identified. 
And in both data sets, the amino 
acid proline showed a positive 
correlation with body as assessed 
by trained wine tasters. How proline 
relates to body is not yet clear, 
however. “That is the hard part of 
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clues, but the follow-up is the real 
challenge,” says Skogerson. Still, 
she thinks proline could be used as 
marker for a wine's viscosity. 

Red-wine drinkers have not been 
forgotten. Bruker Daltonics in 
Billerica, Maryland, has profiled red 
wines for important polyphenolic 
secondary metabolites such 
as tannins, flavonoids and 
anthocyanins. This demonstration 
used the Acquity ultra-performance 
liquid chromatography system 
from Waters to separate red wine 
metabolites for analysis by Bruker's 
LC-ESI QTOF MS instrument as 
well as analysis by NMR coupled 
with Bruker's BioSpin Spectral Base 
analysis package. 

Does knowing the chemistry 
behind that wonderful bottle of 
wine take away from the pleasure? 
Not according to Skogerson. 
“Science has the potential to bring 
the art of winemaking to a higher 
level.” N.B. 
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And that will take 
time. Chenomx was 


founded with the aim of 
developing a database 
for NMR analysis, and 
that has taken several 
years of intensive effort, 
says Newton. Differ- 
ent chemical environ- 
ments can influence 
a compound’s NMR 
spectra, so research- 
ers at Chenomx had 
to acquire spectra at 
ten pHs, ranging from 


4 to 9, for each of the 
more than 300 refer- 


nermrnrert BS)R | 


Chenom«x has developed a searchable NMR database for metabolomics. 


ence compounds now 
in their proprietary 
database. 


Both Agilent and Thermo Fisher Scientific 
also offer MS systems and software packages 
designed for metabolite analysis. 

Some researchers and developers are design- 
ing platforms to bring the two camps closer 
together — incorporating NMR and MS 
instruments in a single system. Bruker BioSpin 
in Billerica, Massachusetts, has developed the 
Metabolic Profiler, a system that combines a 
liquid handler, the Avance III NMR spectrom- 
eter and an LC-electrospray ionization (ESI)- 
microTOF MS, all under the control ofa single 
data-management and analysis system. 

But what researchers dream of is a single 
detection ‘chip’ for all metabolites. “In my lab 
we have four platforms, and each platform looks 
ata certain part of the metabolome,’ says Oliver 
Fiehn, a metabolomics researcher at the Uni- 
versity of California, Davis. But he doubts that 
a single chip could ever become reality. 

“The lack of such a technology is the 
Achilles heel of metabolomics,’ says Wishart, 
noting that the most that researchers can ana- 
lyse at any one time with current technologies 
is 10-15% of the entire metabolome — and 
even that’s stretching it. 

“The big bottleneck is really compound 
identification,” says Fiehn. Unblocking it will 
need the addition of many more well-anno- 
tated reference spectra in the databases. 
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Metabolite data- 
bases for MS have also been springing up as 
more researchers move into the field. One of 
the first was METLIN (http://metlin.scripps. 
edu), a publicly accessible database that was 
started in Siuzdak’s lab. 
“We currently have 
23,000 metabolites in 
there,” says Siuzdak, of 
which around 2,500 are 
identified endogenous 
metabolites. METLIN 
also contains a set of 
about 8,000 theoretical 
di- and tripeptides along 
with theoretical lipids, 
drugs and metabolites. 

To expand the scope 
of METLIN, Agilent has 
collaborated with the 
Scripps Center for Mass 
Spectrometry to analyse 


Samples can be grouped by the similarity 
of mass abundance profiles. 


base. “I thought that there had to be a better 
way to deal with the issue,” he recalls. 

The result is a web-based program called 
SpectConnect, which was launched in 2007 to 
help researchers identify important metabo- 
lites that might serve as biomarkers’. The 
SpectConnect algorithm tracks and catalogues 
GC-MS spectra that are conserved in multiple 
samples — an indication that these represent 
real compounds instead of noise in the sample, 
helping to guide researchers with their follow- 
up efforts at full metabolite identification. 


Numbers game 

The good news for metabolomics research- 
ers is that NMR and MS metabolite databases 
are increasing in both number and size as new 
metabolomes are analysed. “One of the things 
that changed for us over the past 18 months 
is the places we are applying the technology,” 
says Michael Milburn, chief scientific officer 
at Metabolon in Durham, North Carolina. 
Metabolomic approaches are now addressing 
biological questions in areas ranging from drug 
discovery and cosmetics development to plant 
science and winemak- 
ing (see ‘Wine-omics’). 
Publicly accessible data- 
bases include MassBank 
for high-resolution ESI 
mass spectra of metabo- 
lites (www.massbank.jp), 
BinBase for processing 
and analysing of dissimi- 
lar MS spectra (http:// 
sourceforge.net/projects/ 
binbase), and MetWare 
(http://msbi.ipb-halle. 
de/msbi/metware) for 
the storage and analysis 
of metabolomic experi- 
ments. Commercial data- 


chromatographic stand- 
ards and add information about mass and 
retention time, with the intent of using these 
properties in addition to isotope pattern match- 
ing for identification. “Our goal is to get to the 
point where the most common metabolites 
encountered by researchers are easily identifi- 
able,” says Agilent’s Fischer. 
Gregory Stephanopoulos, a chemical engi- 
neer at the Massachusetts 
\ Institute of Technology in 
Cambridge, is taking a differ- 
ent approach to metabolite 
identification. Several years 
ago a student approached him 
with an interesting metabo- 
f lomics project, but the catch 
| . was that the lab would first 


Comparisons of samples to reference spectra databases help reveal 
the identity of metabolites. 


700 


have to increase the number of 
reference spectra in its library 
to enable metabolite identifi- 
cation. Although Stephanop- 
oulos liked the project, he did 
not like the idea of simply col- 
lecting spectra to fill a data- 
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bases include Metabolon’s, 
containing spectra of more than 6,000 reference 
metabolites, and Bio-Rad’s KnowITAIl spec- 
tral database of more than 1.3 million entries, 
including MS and NMR references. 

But there’s still a way to go before metabolite 
identification is as simple as ‘query and get a 
chemical name’ “The database changes have 
been encouraging,” say Stephanopoulos. But 
not enough to change his mind about the need 
for tools such as SpectConnect. 

Arthur Castle, programme director for the 
Roadmap Metabolomics Technology develop- 
ment programme at the US National Institutes 
of Health, has seen the pieces falling into place 
over the past couple of years. “The technology 
is very close to being there — it is just a ques- 
tion of putting it all together now,’ he says. ™ 
Nathan Blow is technology editor for Nature 
and Nature Methods. 
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separation by other types of chromatography. 

One of these is high-performance liquid 
chromatography (HPLC), a well-established 
lab workhorse. It uses a combination of sol- 
vents, pressure and matrix particle sizes to 
separate molecules on the basis of their reten- 
tion times in a column packed with matrix. 
HPLC can separate a broad range of metabo- 
lites, including non-volatiles, and remains a 
favourite among metabolomics researchers. 

Most advances in HPLC involve increases 
in the pressure applied and changes in matrix 
particle size. Ultra-performance liquid chro- 
matography (UPLC), commercialized by 
Waters Corporation in Milford, Massachu- 
setts, is becoming more widely used in the 
metabolomics community. It takes advantage 
of higher pressure (83 megapascals compared 
with 21 megapascals for HPLC) and smaller 
particles (less than 2 micrometres diameter 
compared with 3 microme- 
tres for HPLC) to obtain faster 
separation times. 

But like GC, HPLC has 
technical stumbling blocks. 
Reversed-phase HPLC (in 
which the stationary phase is 
non-polar) is often used for 
metabolomics analysis, but 
reversed-phase separation 
often fails with hydrophilic 
metabolites. These tend to 
be so water soluble that they 
interact poorly with the non- 
polar bonding phase and are 


rapidly eluted, according to Phil Koerner, a 
senior technical manager from chromatog- 
raphy specialists Phenomenex in Torrance, 
California. 

So in 2007, Phenomenex introduced the 
Luna HILIC column. “I like to refer to it as 
reverse reverse-phase chromatography,” 
says Koerner. In the HILIC approach, the 
weak solvent, which is applied first, is a polar 
organic solvent (not water as in reversed- 
phase HPLC), and the strong solvent, applied 
second, is water. This causes the order of elu- 
tion to be completely reversed, with the most 
hydrophilic compounds being eluted last. 
Although Koerner acknowledges that the 
HILIC approach is not new, it was the need 
to separate hydrophilic metabolites on the 
large scale required by metabolomics that led 
Phenomenex and other companies, such as 
Waters and Tosoh Bioscience of Stuttgart, Ger- 


HILIC columns are making the hunt for hydrophilic metabolites easier. 


many, to start supplying a greater number and 
range of HILIC columns. 

Capillary electrophoresis followed by MS 
(CE-MS) is not yet so popular with the metab- 
olomics community as either GC or HPLC, but 
several developers are hoping to change this. 
“Tt can be very difficult to use this approach,” 
acknowledges Ryuji Kanno, president of 
Human Metabolome Technologies based 
in Tokyo, Japan. This approach uses electro- 
phoretic mobility to separate low-molecular- 
weight ionic compounds that are difficult to 
separate by GC or HPLC. The company has 
been working closely with Agilent to develop 
optimized reagents and capillary columns, and 
is providing training with Agilent’s CE-qTOF 
MS system to make the CE approach more 
accessible to metabolomics researchers, says 
Kanno. 

Mass spectrometry is not the only method 
that can be used to detect 
metabolites once separated. 
Wishart and his colleagues 
recently compared MS and 
NMR to look at metabolites 
in cerebral spinal fluid”. They 
found little overlap in the 
metabolites detected by the 
two methods, and the con- 
clusion was clear: “We do not 
have a single perfect metabo- 
lite detector,” says Wishart. 

MS and NMR each have 
their supporters. “One of the 
main strengths of NMR is that 


DARK MATTER 


“There are a lot of small 


molecules that we do not even 
know about yet,” says Arthur 
Castle, programme director for 
the Roadmap Metabolomics 
Technology development 
programme at the US National 
Institutes of Health in Bethesda, 
Maryland. Metabolomics has a 
good handle on analysing human 
primary metabolites, but when 

it comes to lipids, secondary 
metabolites, xenobiotics and the 
products of gut microflora, we are 
just scratching the surface, says 
Castle. 

The problem is part 
technological, part informatics. 
Steven Fischer at Agilent 
Technologies in Santa Clara, 
California, points out that some 
compounds are not stable and 
undergo chemical transformation 
during separation. Researchers 
will probably still see these 
transformed molecules by mass 
spectrometry (MS), but they may 
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be misidentified, highlighting the 
need for follow-up experiments. 
And this is where metabolomics 
has an advantage over the other 
‘omics’. “There is 
so much knowledge 
of biochemistry 
that when we 
find a potential 
biomarker or anew 
drug mechanism 
we already knowa 
lot about it,” says 
Michael Milburn, chief 
scientific officer at 
Metabolon in Durham, 
North Carolina. 

Trent Northen, 
now at the Lawrence 
Berkeley Laboratory 


NIMS: nanostructured 
surface releases 
material. 


an ionization technique called 
nanostructure-initiator mass 
spectrometry (NIMS)*. The idea 
is to transfer a biomolecule into 
the gas phase from 
ananostructured 
surface simply by 
making that surface 
disappear. “We 
came up with the 
idea of putting a wax 
underneath, so when 
the nanostructured 
surface was irradiated 
it would melt and 
vaporize, allowing 
the molecule to go 
into the gas phase,” 
says Northen. They 
finally came up witha 


in Berkeley, California, 

and Oscar Yanes, working in 
Gary Siuzdak’s lab at the Scripps 
Research Institute in La Jolla, 
California, may have developed 
anew way to get at some of 
these ‘unknown’ molecules with 


perfluorinate surface 
for the trapped initiator phase. 
Siuzdak's group found that NIMS 
worked not only for proteins, but 
also for small molecules such as 
metabolites. “Perfluorinates do 
not ionize well, so it allows us to 
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see things in the lower mass region 
where metabolites like to hang 
out,” says Siuzdak. 

Using perfluorinated materials 
may have another advantage for 
metabolomics. “As these are highly 
hydrophobic surfaces, we can 
apply very dirty complex samples, 
suchas blood, for direct analysis,” 
says Yanes. If you put a drop of 
urine or blood on the NIMS chip 
the metabolites will attach, but all 
the salts and other chemicals that 
normally interfere with MS stay in 
solution. Yanes is now exploiting 
this property to follow drug 
metabolism by looking at uptake in 
blood, clearance in urine and tissue 
localization. 

For Siuzdak, exploring the 
‘unknown’ metabolite world is an 
exciting prospect. “We are getting 
involved in an area where we 
don't know what the molecules’ 
structures are or what they do, so 
it is really just a fantastic area for 
discovery.” N.B. 
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The maXis system from Bruker Daltonics can use both UPLC and CE separation approaches. 


it is an unbiased, universal detector,” says Jack 
Newton, a product manager at Chenomx in 
Edmonton, Canada, which was co-founded 
by Wishart in 2000. This attribute, along with 
NMR’ ability to determine structure and per- 
form quantitative analysis is particularly attrac- 
tive to metabolomics researchers who need a 
way to compare and exchange results between 
labs. “The move is afoot — people want to get 


to that common language of compound names 
and concentrations,’ says Wishart, as this will 
make integrating data sets and obtaining sys- 
tems-level views of cell physiology possible. 
The challenge with NMR is instrument 
sensitivity — NMR is less sensitive than MS, 
often identifying far fewer metabolites in 
the same sample. “For us, the relevant ques- 
tion is how sensitive do you need to be,’ says 


Newton. He says researchers at Chenomx have 
performed many studies in which biologically 
meaningful differences between samples were 
easily captured with NMR, even though some 
compounds in the samples probably fell below 
the sensitivity limits of the instrument (see 
‘Dark matter’). 

MS, on the other hand, is a very sensitive 
method for metabolite identification and, 
unlike NMR, is easily coupled to upstream sep- 
aration techniques. Siuzdak says his group can 
see thousands of molecules in an MS analysis 
— and that number can be doubled by chang- 
ing from positive- to negative-ion mode. And 
by using both reversed-phase chromatogra- 
phy and HILIC columns, they are seeing more 
hydrophilic compounds in their analyses than 
before. “I would venture that we are now seeing 
over an order of magnitude more than what 
you would see with NMR,” he says. 


Detector development 

As researchers in the MS camp turn towards 
TOF and ion-trap MS instruments for metabo- 
lite analysis, developers are responding to their 
complex needs. Bruker Daltonics in Billerica, 
Massachusetts, has introduced the maXis 
ultra-high resolution (UHR)-TOF MS system, 
which can accommodate both UPLC and CE 
separation. Applied Biosystems in Foster City, 
California, in collaboration with MDS SCIEX 
in Toronto, Ontario, have the ion-trap system 
4000 QTrap LC/MS/MS that can interface 
with Applied Biosystem’s LightSight software 
for small-molecule analysis and identification. 


WINE-OMICS 


For Kirsten Skogerson at the 


and gas chromatography-mass 


being in metabolomics — you get 


University of California, Davis, 
wondering about how chemical 
composition affects the flavour 
and body of a wine took her froma 
degree in viticulture and enology 
into metabolomics research. When 
Skogerson arrived in Oliver Fiehn's 
lab as a postgrad she looked for a 
project that would marry Fiehn's 
expertise in metabolomics and her 
interest in wine. 

“There are so many questions 
in wine science that you could 
start to answer by doing a global 
analysis,” she says. A deeper 
understanding of the biochemistry 
of grape-juice fermentation could 
help the winemaking industry 
by complementing the arts of 
the traditional wine taster. So 
Skogerson and Fiehn set out to 
survey wine ‘metabolomes', 
in search of key chemical 
components contributing to body. 

Using proton nuclear 
magnetic resonance (NMR) 


spectrometry (GC-MS), they 
looked at 17 different white 
wines with a wide range of body. 
For GC-MS analysis, they first 
removed the alcohol under reduced 
pressure and then ran samples 
onaLECO Pegasus IV GC TOF 
MS system and analysed the 
spectra using the BinBase program 
developed in Fiehn's lab. Each 
wine was also directly analysed 
ona Bruker Daltonics 600 mHZ 
NMR instrument with the resulting 
peaks being compared to the 
commercially available Chenomx 
NMR database for metabolite 
identification. “When you think 
about it, you have the grape 
metabolome being acted on by the 
yeast, plus the added complexity 
from the yeast metabolome, so the 
metabolite profile of a wine is very 
complex,” says Skogerson. 

They found a total of 413 
metabolites among the wines 
— probably only a small fraction of 


—_ 


the wine metabolome — of which 
108 could be positively identified. 
And in both data sets, the amino 
acid proline showed a positive 
correlation with body as assessed 
by trained wine tasters. How proline 
relates to body is not yet clear, 
however. “That is the hard part of 
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clues, but the follow-up is the real 
challenge,” says Skogerson. Still, 
she thinks proline could be used as 
marker for a wine's viscosity. 

Red-wine drinkers have not been 
forgotten. Bruker Daltonics in 
Billerica, Maryland, has profiled red 
wines for important polyphenolic 
secondary metabolites such 
as tannins, flavonoids and 
anthocyanins. This demonstration 
used the Acquity ultra-performance 
liquid chromatography system 
from Waters to separate red wine 
metabolites for analysis by Bruker's 
LC-ESI QTOF MS instrument as 
well as analysis by NMR coupled 
with Bruker's BioSpin Spectral Base 
analysis package. 

Does knowing the chemistry 
behind that wonderful bottle of 
wine take away from the pleasure? 
Not according to Skogerson. 
“Science has the potential to bring 
the art of winemaking to a higher 
level.” N.B. 
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COMPANY PRODUCTS/ACTIVITY LOCATION URL 
Companies specializing in metabolomics applications 

BIOCRATES Life Sciences Services for the identification and quantification of metabolomic biomarkers Innsbruck, Austria www.biocrates.com 
Chenomx NMR database development for metabolite analysis Alberta, Canada www.chenomx.com 


Human Metabolome 
Technologies 


Ingenuity Systems 
Metanomics Health 
Metabolon 


Molecular Biometrics 


Developing CE separation approaches for metabolite analysis 


Software for metabolomics and pathway analysis; Ingenuity Pathway Analysis; analysis services 


Services for metabolite profiling 


Contract services provider in metabolomics 


Using metabolomics approaches to develop accurate diagnostic tools 


Tokyo, Japan 

Redwood City, California 
Berlin, Germany 
Durham, North Carolina 


Chester, New Jersey 


www.humanmetabolome.com 


www.ingenuity.com 
www.metanomics-health.de 
www.metabolon.com e 


www.mmolecularbiometrics.com 


Umetrics SIMCA-P+ software for the analysis of metabolomic data and biomarker discovery Kinnelon, New Jersey www.umetrics.com 
Unilever Metabolomics research in food and flavour preservation Vlaardingen, Netherlands www.unilever.com 
NMR instrumentation 

Cryomagnetics NMR magnets and cryostat accessories Oak Ridge, Tennessee www.cryomagnetics.com 
JEOL NMR instrumentation, mass spectrometers and accessories Tokyo, Japan www,jeol.com 
LipoScience Using NMR to explore metabolism; NMR LipoProfile test Raleigh, North Carolina www.liposcience.com 


Oxford Instruments 
Process Control Technology 
Process NMR Associates 


Wilmad-LabGlass 


Dilution refrigerators, superconducting magnets, optical and spectroscopy cryostats 
NMR instrumentation and accessories 


NMR services provider; laboratory method development for NMR 


NMR sample tubes and accessories; lab glassware 


Oxfordshire, UK 
Fort Collins, Colorado 
Danbury, Connecticut 


Buena, New Jersey 


www.oxinst.com 
www.pctnmr.com 
www.process-nmr.com 


www.wilmad-labglass.com 


Chromatography 


Advanced Separation 
Technologies 


Alcott Chromatography 
Biotage 

Capital HPLC 

Cecil Instruments 
DataApex 

GE Healthcare 

Gilson 

Hamilton 

Phenomenex 


Tosoh Bioscience 


Analytical and preparative chromatography products; HPLC and chiral chromatography 


HPLC equipment and software, ion chromatography, hydrochromatic chromatographs 
Chromatography columns and accessories; FLASH chromatography systems 
Suppliers of HPLC and CE columns and accessories 

Modular HPLC instruments, ion chromatography, UV/visible spectrophotometers 
Chromatography software 

AKTAExpress automated liquid chromatography platform 

Solid-phase extraction systems, liquid chromatography 

Automated solid-phase extraction systems 

Supplier of chromatography columns and accessories 


Liquid chromatography columns, products and accessories 


Bellefonte, Pennsylvannia 


Norcross, Georgia 
Uppsala, Sweden 

West Lothian, UK 
Cambridge, UK 
Prague, Czech Republic 
Little Chalfont, UK 
Middleton, Wisconsin 
Reno, Nevada 
Torrence, California 


Stuttgart, Germany 


www.astecusa.com 


www.alcottchromatography.com 
www.biotage.com 
www.capital-hplc.co.uk 
www.cecilinstruments.com 
www.dataapex.com 
www.gehealthcare.com 
www.gilson.com 
www.hamiltoncompany.com e 
www.phenomenex.com 


www.tosohbioscience.com 


Mass spectrometers 
Agilent Technolgies 


Applied Biosystems 


Bruker 


Hitachi High-Technologies 
LECO 

MDS SCIEX 

Shimadzu 

Thermo Fisher Scientific 


Varian 


Waters 


Mass spectrometry instruments, sample preparation and software 
ass spectrometry instruments, reagents and software; ion sources 


Mass spectrometers 


LC systems; LC/MS systems 


Mass spectrometry instrumentation and analysis tools 


ass spectrometry systems and technology; HPLC systems 


Laboratory instruments including mass spectrometers and data-management systems 


Analytical instruments including mass spectrometers, lab equipment, software, services, 
consumables and reagents 


Analytical instruments including nuclear magnetic resonance and magnetic resonance imaging 


systems, mass spectrometers, Fourier transform-infrared and X-ray crystallography 


Liquid chromatography systems; chromatography columns and chemistry products; mass 
spectrometry systems; laboratory informatics solutions 


Santa Clara, California 
Foster City, California 


Billerica, Massachusetts 
and Bremen, Germany 


Tokyo, Japan 

St Joseph, Michigan 
Sunnyvale, California 
Kyoto, Japan 

Waltham, Massachusetts 


Palo Alto, California 


Milford, Massachusetts 
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www.agilent.com e 
www.appliedbiosystems.com 


www.bdal.de 


www.hitachi-hitec.com/global 
www.leco.com 
www.mdssciex.com 
www.shimadzu.com 
www.thermo.com 


www.varianinc.com 


www.waters.com 
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URL 


General 


Alexis Biochemicals 


Attagene 


BD Biosciences 

Biomol 

Bio-Rad 

BMG LABTECH 
Brinkmann Instruments 
Cambrex 

Cole-Parmer 

EMD 

Enzo Life Sciences 


Geneservice 


Harvard Apparatus 
Horiba Jobin Yvon 
INTEGRA Biosciences 
Irvine Scientific 

Lonza 

Merck 

Molecular Devices 

MP Biomedicals 

New England Biolabs 
Nalge Nunc International 
PerkinElmer 

Promega 

PREMIER Biosoft International 
Princeton Separations 
Stratagene 

Takara Bio 

Tocris Bioscience 

Wako Chemicals USA 


USB 


@ see advertisement 
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Reagents for molecular- and cell-biology research 


Transcription-factor profiling system; software 


Research reagents, bioimaging systems, instrumentations 

Services for chemical synthesis, cell culture and antibody production 

Products, instruments and software for life-sciences research 

Microplate and array readers and handling systems 

Laboratory instruments; consumables 

Products for molecular- and cell-biology research 

Instruments and reagents 

Calbiochem, Novabiochem and Novagen product lines 

Consumables and assays for molecular biology, gene expression and genomic analysis 


Genomic and proteomic resources; contract services for DNA sequencing, microarray analysis 
and SNP genotyping 


Instruments and equipment for electrophysiology and cell biology 

Spectroscopy systems and accessories including Raman, atomic emission, and UV spectroscopy 
Equipment for sterilization, liquid handling, cell culture and sample storage 

Defined media for cell-culture applications; custom media services 

Molecular biology reagents and systems; advanced chemical synthesis 

Chemicals, kits and reagents for chemistry, molecular and cell biology-related research 
Liquid-handling and microplate processing equipment; imaging instruments 

Reagents and chemicals for research 

Molecular-biology-related reagents, kits and enzymes 

Labware 

Instruments, reagents and kits for life sciences 

Chemicals for mass spectrometry analysis 

Software for life-sciences research 

DNA purification columns and reagents, fluorescent protein labelling kits, 

Tools and reagents for molecular biology, genomics and proteomics 

Reagents, kits and consumables for molecular biology 

Chemicals for life-science research; contract research services 

Speciality chemicals supplier; clinical diagnostic reagents 


Chemicals and reagents for molecular biology 


Lausanne, Switzerland 


Research Triangle Park, North 
Carolina 


San Diego, California 
Hamburg, Germany 
Hercules, California 
Offenburg, Germany 
Westbury, New York 
East Rutherford, New Jersey 
Vernon Hills, Illinois 

San Diego, California 
New York, New York 
Cambridge, UK 

Holliston, Massachusetts 
Edison, New Jersey 

Baar, Switzerland 

Santa Ana, California 
Basel, Switzerland 
Darmstadt, Germany 
Sunnyvale, California 
Aurora, Ohio 

Ipswich, Massachusetts 
Rochester, New York 
Waltham, Massachusetts 
Madison, Wisconsin 

Palo Alto, California 
Adelphia, New Jersey 

La Jolla, California 

Shiga, Japan 

Avonmouth, UK 
Richmond, Virginia 


Cleveland, Ohio 
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www.alexis-corp.com 


www.attagene.com 


www.bd.com 
www.biomol.de 
www.bio-rad.com 
www.bmglabtech.com 
www.brinkmann.com 
www.cambrex.com 
www.coleparmer.com 
www.emdbiosciences.com 
www.enzo.com 


www.geneservice.co.uk 


www.harvardapparatus.com 
www.jobinyvon.com 
www.integra-biosciences.com 
www.irvinesci.com 
www.lonza.com 
www.merck.de 
www.moleculardevices.com 
www.mpbio.com 
www.neb.com 
www.nalgenunc.com 
las.perkinelmer.com 
www.promega.com 
www.premierbiosoft.com 
www.prinsep.com 
www.stratagene.com 
www.takara-bio.com 
www.tocris.com 
www.wakousa.com 


www.usbweb.com 
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he decline in the number of young junior faculty members at US 
universities could make it difficult to fill leadership positions in the future, 
according to a study by the American Council on Education. Just 3% of 
tenure-track faculty members at institutions that run full undergraduate 
courses are aged 34 or younger, so finding experienced people to be chairs, deans 
and university presidents will be difficult in the next generation, according to the 
council's report, Too many Rungs on the Ladder? Faculty Demographics and the Future 
Leadership of Higher Education. 
Higher education has been affected by three main issues. First, faculty 
members are now generally older than they were when mandatory retirement 
was abolished in 1994, and are reluctant to retire. Second, universities rely more 
on part-time and non-tenure-track positions. And third, students are completing 
their doctorates later in life. The trend towards more and longer postdoc courses 
means that people have less time to gain the experience needed to advance into 


leadership positions. 


The situtation has both positive and negative aspects. On one hand, young faculty 
will have less competition and more positions available when they finally manage 
to move through the ranks. On the other hand, they might not have the chance to 
do so until they reach retirement age. So, a professor who is currently 45 years old 
could well still have the chance to become a dean — or even a university president 


— but perhaps not until he or she reaches the age of 70. 


There are no easy solutions. Universities are unlikely to force ageing faculty 
off the top rung of the ladder or to create new positions for young professors. 
However, they may be forced to remove some rungs from the ladder — or else 


place some closer together, so that today’s junior faculty members can progress 
from chair to dean more quickly. Perhaps today’s administration can help mentor 


tomorrow’s university leaders — or, at least, convince them that such positions are 


worth the wait. 


Paul Smaglik moderates the Naturejobs career forum on Nature Networks. 
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Stephen Brandt, Director, Oregon Sea Grant, 
Corvallis, Oregon 


1997-2008 Director, NOAA 
Great Lakes Environmental 
Research Laboratory, Ann 
Arbor, Michigan 

1994-97 Director, Great Lakes 
Center for Environmental 
Research and Education 

and Professor of Biology, 
State University of New York 
College at Buffalo, New York 


As the new director of Oregon Sea Grant, Stephen Brandt 
has eagerly accepted a daunting task: helping the US Pacific 
coastal regions address fisheries declines and prepare for 
climate change. It's his latest interaction with Sea Grant, the 
coastal science programme of the US National Oceanic and 
Atmospheric Organization (NOAA), which has been a staple 
of his career since he was conducting graduate research. 

California Sea Grant director Russ Moll says that 
Brandt's background will boost ecosystem-based 
management efforts. “Stephen is one of those rare folks 
with the skills to look at the big picture in oceans — which 
we need as we struggle with ecosystem-wide concerns 
such as ocean acidification,” says Moll. 

Brandt started his science career with a mathematics 
degree at the University of Wisconsin in Madison. But the 
outdoorsman decided to get a second degree in zoology, 
and spent weekends conducting field work on Wisconsin's 
freshwater lakes. That led to a graduate project applying 
sonar to study fish dynamics, then a PhD using underwater 
acoustics to see how temperature affects habitat 
preference in Great Lakes fish. But instead of accepting a 
tenure-track position there, he joined the Commonwealth 
Scientific and Industrial Research Organisation (CSIRO) 
Marine Laboratories in Australia. “I sought adventure 
when, at 28, | took the Australia position — and | got a full- 
blooded marine experience,” he says. 

At the CSIRO, he refined acoustic approaches to 
investigate how Australia's vast, warm eddies might serve 
as nursery grounds for fish in the open sea. After four years, 
Brandt returned to the United States to study the Great 
Lakes’ evolving salmon fishery with Sea Grant's programme 
at the State University of New York in Syracuse. Later, 
he studied the largest US estuary at the University of 
Maryland's Chesapeake Biological Laboratory. 

When Sea Grant's Great Lakes Center for Environmental 
Research and Education was created in 1994, Brandt 
jumped at the chance to direct it. Four years later, he 
was overseeing the NOAA's Great Lakes Environmental 
Research Laboratory in Ann Arbor, Michigan, where he 
created a single ‘science’ branch to strengthen the cross- 
disciplinary work that bolsters their now-leading role 
in ecosystem forecasting. Moll says that Brandt's past 
success with region-wide projects will help the west coast 
to tackle the effects of climate change, including organism 
range shifts and increased storminess. | 
Virginia Gewin 
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Masters of professional science 


Some people have expressed concern 
about the legitimacy, usefulness and 
costs of professional science master's 
(PSM) degrees, a relatively new US 
entity that could promise additional 
career avenues for fledgling scientists 
(see Nature 454, 547; 2008). As 
advocates and purveyors of the PSM, 
we would like to address those 
concerns and endorse it as an option 
for scientists seeking management 
and science training in just a few years. 

First, it is not intended for students 
considering a PhD, although a few 
PSM graduates do continue on to the 
PhD after becoming excited by the 
research to which they have been 
exposed. Rather, it is designed for 
students and science professionals 
who want to work in non-academic 
sectors, in interdisciplinary fields and 
in emerging areas. Science 
professionals looking to gaina 
competitive edge, re-enter the 
workforce or refine their skills may 
also find it worthwhile. 

Second, the PSM is a relatively new 
degree; there are approximately 2,100 
graduates nationwide. Not enough 
data exist yet to declare it a clear 
success. But the data we have are 
promising. A recent survey showed 
that in two years alone, the number of 
programmes grew by at least 20% 
(2006-08), and enrolment increased 


54% (2004-06). Placement data are 
also encouraging: almost 70% of 
2006 graduates who were not 
already working full-time found 
employment in business, government 
and non-profit sectors, either before 
they graduated or immediately after. 

Cost is anissue. In contrast to PhDs, 
the master’s degree is usually funded 
by the student. However, the highly 
competitive salaries PSM graduates 
can expect make it a worthwhile 
investment. A recent report from the 
National Research Council (NRC) 
notes a strong and growing current 
demand for master's-level science 
professionals and healthy growth in 
the salaries of master's degree- 
holders in science and engineering — 
salaries that have grown faster during 
the past ten years than those of PhD 
holders. The NRC advocated financial 
aid for PSM students. 

There is good evidence to date that 
the PSM is a worthwhile investment, 
and that it benefits the institution and 
the employer. We are confident that 
forthcoming data will support the 
PSM even more strongly. | 
Eleanor Babco is co-project director, 
Professional Master's Initiatives. 
Carol Lynch is senior scholar in 
residence and director of Professional 
Master's Programs at the Council for 
Graduate Schools. 
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The coming challenge 


In 2009, | will start yet another project: a baby. It is a terrifying prospect. But 
many seem surprised at my financial anxiety, given the Singapore government's 
policies aimed at boosting a birthrate in decline. Incentives range from financial 
bonuses to the creation of a fund to encourage family-friendly work practices. 
Some even say that childbirth is a woman's ‘national service’ or duty. 

The tax breaks and additional days of childcare leave provide welcome relief, 
but as a researcher, many family-friendly options are not feasible, such as 
extended maternity leave or working part-time or from home. Given the high 
expectations of employers, a career break might mean career suicide. We are 
evaluated according to productivity, which is inevitably affected by parenthood. 
One non-scientist relative of mine was told that her maternity leave cost hera 
promotion. The competitive environment may be exacerbated by single people 
and childless couples who are upset by policies they perceive as discriminatory. 

A newspaper article here recently profiled two successful female senior 
researchers, citing them as role models. One is single, the other divorced. 

Being successful may come at the cost of one's marriage. As | prepare to start 

a family, | must re-evaluate my priorities. | will soon discover for myself how 
Singapore's biomedical research community defines ‘work-life balance’. i 
Amanda Goh is a postdoctoral fellow in cell biology under the Agency of 
Science, Technology and Research in Singapore. 
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IRELAND 


ria 
National University of Ireland, Galway 
More than Ollscoil na bEireann, Gaillimb 


just (ods! ESTABLISHED PROFESSOR OF PLANT SCIENCE 


The National University of Ireland Galway is a student-centred, research intensive University of 
international standing, with a staff committed to excellence. The University is committed to delivering 
a stimulating learning environment and providing leadership in key scientific, economic, social, and 
cultural areas. 


HIGHLIGHT 


To further enhance the University’s mission, applications are now invited for the post of Established 
Professor of Plant Science within the School of Natural Sciences at NUI Galway. The holder of the Chair 
will provide academic leadership to the Discipline of Botany/Plant Science within the School. 


The Discipline of Botany/Plant Science is a key component of a newly established School, within the 
Movers College of Science, that also includes Biochemistry, Earth & Ocean Science, Microbiology and Zoology. 

The various Disciplines within the School have a long-established international reputation for both 

teaching and research, led by more than 50 permanent members of academic staff. The School offers 
Careers four-year BSc (Honours) undenominated degree programmes in each of its five cognate disciplines, as 
well as in several interdisciplinary, denominated areas. Its members are also active in taught and 
research Graduate programmes that lead to MSc and PhD Degrees, as well as Higher Diplomas. 


Focuses 


All current academic members of staff in the Discipline of Botany/Plant Science are actively engaged 
z in scholarship and research. Within the School, research in biological and environmental sciences span 
Regions all levels of organisation, from molecular and cell biology, through research at the organismal level, to 
the study of populations, communities and ecosystems. These activities are aligned with the 
Podcasts University’s strategic, cross-cutting research areas in biomedical research, energy, environment and the 
marine. Members of the School and Discipline have strong interactions with the University’s Research 
Institutes, including the Environmental Change Institute, the National Centre for Biomedical 
Prospects Engineering Science and the Martin Ryan Marine Science Institute and also with other Schools across 
the University. Further details can be obtained in the supporting documentation and web sites listed 
therein. 


Spotlights 


Applicants for the Chair should have relevant expertise in Molecular/Cell Science or in the area of the 
Fl Environment (Terrestrial, Freshwater or Marine). It will also be an advantage if a candidate's interests 
Career fairs are a good fit to the strategic goals of the School and University and further strengthen interactions 
with some of the University’s cognate Research Institutes. 


Job channels The successful candidate shall possess: 
¢ The capacity to provide dynamic academic leadership in the development of the discipline and 
generally in the promotion of teaching and research in the plant sciences 


Announcements 


An internationally-recognised track record for high-quality research in a relevant area as evidenced 
by an exceptional publication record in top-ranking, peer-reviewed international journals, a proven 

Special reports ability to develop innovative research together with demonstrated success in competing for funding 
at national and international levels 


A strong commitment to excellence in teaching and learning at all levels within the University as 
evidenced by significant experience of course delivery and design 


The capacity to represent effectively the Discipline and the School, inside and outside the University 


The ability to potentially act as Head of School and, in particular, demonstrated excellent 
interpersonal, communication and other relevant skills appropriate to that role 


A willingness to participate in the overall life of the University. 
Additional information is available at: http://www.nuigalway.ie/botany 


ake For informal discussion contact: Dr. Gerry Morgan, Dean of the College of Science, 091-493615 or 
Visit email dean.science@nuigalway.ie 
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science foundation ireland 
fonduireacht eolafochta éireann 


Ireland 
funds great research... 
... maybe It’s your turn! 


Science Foundation Ireland, (SFI) 

the national foundation for excellence in scientific 
research is investing in academic researchers and 
research teams who are most likely to generate new 
knowledge, leading edge technologies, and competitive 
enterprises. 


SFI has a flexible grants and awards portfolio and several 
times a year issues calls for proposals from scientists 
and engineers. SFl’s award programmes include: 


Principal Investigator Programme 
for outstanding researchers, normally ranging between €50,000 
- €1 million per year and may be up to five years in duration. 


Research Professor Recruitment Awards 

for outstanding researchers, with particularly distinguished 
international reputations, awards normally ranging up to 
€500,000 per annum for up to two years. 


E.T.S. Walton Visitor Awards 

supporting leading international scientists who visit Ireland to 
undertake research for up to one year, normally ranging up to 
€200,000. Call opens 6 October 2008 


President of Ireland Young Researcher Awards (PIYRA) 
attracting to Ireland and supporting Irish researchers within five 
years of completing their PhD, normally up to €1 million over 
five years. 


Science Foundation Ireland 


== 


Science Foundation lreland 


Career Opportunities at SFI 


SFI's culture is innovative, highly 
motivated, and dynamic. We employ 
people from science, business, 
technology, and academic backgrounds 
who can help strengthen an outstanding 
Irish research environment. 


For details on current employment 
Opportunities at SFI please visit 
www-.sfi.ie or contact hr@sfi.ie 


Current employment 
opportunities on SFI 
funded research projects 


University College Dublin 
Further Details on UCD Posts: 
www.ucd.ie/jobopportunities 


UCD School of Electrical, Electronic and 
Mechanical Engineering 

UCD Engineering and Materials Science 
Centre 


Charles Parsons Award Researcher - Fixed Term 6 Year Post 


UCD School of Agriculture, Food Science & 
Veterinary Medicine 

Reproductive Biology Research Cluster 
(RBRC) 

Postdoctoral Fellow — Fixed Term Post 


UCD School of Biomolecular and Biomedical 
Science 


Postdoctoral Fellow - Cell and Molecular Biology - Fixed 
Term Post 


Postdoctoral Fellow - Molecular Biology & Bioinformatics - 
Fixed Term Post 


Further Details on UCD Studentships: 
www.ucd.ie/graduatestudies/ 
opportunities 


UCD School of Medicine and Medical 
Sciences 

Conway Institute of Biomolecular and 
Biomedical Research 


Phd Studentships to Study the Contribution of the IL-13 
Receptor Complex to the Development of Pulmonary 
Fibrosis 


UCD School of Agriculture, Food Science & 
Veterinary Medicine 

Reproductive Biology Research Cluster 
(RBRC) 


Phd Projects available include the Regulation of MHC-1 
Expression during Preimplantation Embryo Development and 
Molecular Analysis of Mammalian Oocyte Maturation 


www.sfi.ie 
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Tyndall National Institute oN 
Further Details: www.tyndall.ie/careers 
Phd position - Theory of Next Generation Epitaxial 
Quantum Dot Materials and Devices 


Phd position -Design of Molecular and Nanoscale 
Electronic Devices 


Phd position - In-situ Spectroscopic Reaction 
Monitoring 


Phd position - Design and Synthesis of Novel 
Precursors 


Phd position - Electrical Characterisation of 
Dielectric/Gate Structures 


Phd position - Inelastic Electron Tunneling 
Spectroscopy 


Phd position - Advanced Thin Film Growth by CVD 
and ALD 


Phd position - Development of Large-Scale 
Collodial Crystallisation Methods for the 
Production of Photonic Crystals 


Post-doc position - Experimental Physics of 
Photonic Materials and Devices 


Post-doc position - Theory of Extreme 
Semiconductor Alloys 


Phd position - Miniaturised Systems for the Built 
Environment 


Phd position - Develop energy harvesting 
mechanisms for the next generation, wearable 
wireless sensor network systems 


Phd position - Investigate & Develop Photonics 
Systems Research 


Phd position - Long Wavelength, Site Controlled 
Pyramadial Quantum Wires 


Phd position - Biology of novel vascular 
progenitor cells and the implications for this field 
by developing platform diagnostic devices for 
cardiovascular disease 


Phd position - Development of Electrical 
Contacting Strategies for Template-Based 
Nanostructures and Nanostructured Arrays 


Phd position - Synthesis and Characterisation of 
Optically Active Nanostructured Oxides 


Science Foundation Ireland 


Phd position - Harmonic Mode Locking in 
MultiWavelength Fabry-Perot Lasers 


Phd position - Nonlinear Optics of Refractive Index 
Profiles with Tailored Group Velocity 


Post-doc position - Optical Signal Processing for High 
Capacity Networks 


Post-doc position - All-Optical Switching Techniques for 
Optical Networks 


Post-doc position - Wearable Wireles Sensor Network 
Systems for Heath 


Post-doc position - Energy Aware Hardware for Wireless 
Sensor Network Systems 


Post-doc position - Deployment Engineer for Wireless 
Systems 


Post-doc position - Advanced Semiconductor Laser, 
Simulation, Design, Characterisation and Test 


Post-doc position - Generation and Characterisation of 
Ferroelectric and High-K Metal Oxide Dielectric 
Nanostructures 


Senior Post-doc position - Photonic Communication 
System Research 


Post-doc position - Energy Harvesting for Wireless 
Sensors in the Built Environment 


National University of Ireland, Maynooth 
Further Details: www.cs.nuim.ie/~tnaughton/ 


Post-doc position (12 months) Department of Computer 
Science - Image processing and analysis of digital 
holograms of real-world three-dimensional objects 


Trinity College Dublin 
Further Details: www.ted.ie/vacancies 


School of Genetics and Microbiology 
Smurfit Institute of Genetics 


2 Postdoctoral Fellowships in Bioinformatics and Genome 
Evolution 


School of Medicine 
Department of Clinical Medicine 


Phd Studentship (3-year contract) 


www.sfi.ie 


Wilton Park House, Wilton Place, Dublin 2, Ireland. tel +353 1607 3200 fax +353 1 607 3201 email info@sfi.ie 


Apply for an SFI award or learn more about our programmes at www-.sfi.ie 


School of Engineering NY 


Trinity Centre for Bioengineering 


Phd Studentship in Computation Studies in 
Mechanobiology 


CRANN (Centre for Research on 
Adaptive 

Nanostructures and 
Nanodevices) 


Postdoctoral Researcher (1-year contract) 


National University of Ireland, 
Galway 

Further Details: 
www.nuigalway.ie/vacancies 


Postdoctoral Researcher in Nuclear 
Organisation and Gene Expression 


Dublin City University 
Further Details: 
www.dcu.ie/vacancies/current.shtml 


Postdoctoral Research in Optical 
Communications and High Speed Opto- 
Electronics - 3 year contract RINCE 


Biomedical Diagnostics Institute 
(BDI) 

Further Details: 
www.bdi.ie/about_bdi/careers.html 


Postdoctoral Researcher - Microfluidics & 
Polymer Microfabrication - 12 month 
contract 


Postdoctoral Researcher - Surface Science 
of Bioassay Devices - 12 month contract 


Research Assistant (position based at Royal 
College of Surgeons in Ireland) - 
Immunoassay/Protein Biochemist - 12 month 
contract 


science foundation ireland 
fonddireacht eolafochta éireann 


\V NDP 


National Development Plan 2007 - 2013 
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c004_nat_O020ct 29/9/08 14:44 Page 4 2 


Professorships and Lectureships in Science, Engineering and Computing 


Dublin City University (www.dcu.ie) is Ireland’s youngest university and our rapid growth and leadership has 
helped to transform many of the traditional practices and assumptions of higher education. Through our current 
strategic plan we aim to distinguish ourselves through our engagement with industry and business in building 
internationally competitive research teams, which will succeed in converting the results of high quality basic 
research into significant social and economic impacts. 
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DCU wishes to invite Expressions of Interest from high quality candidates at both Lecturer and Professor levels, 
in context of the preparation of the DCU submission to the Science Foundation Ireland ‘Stokes Professorship and 


Lecturer Programme’ 2009 (www-sfi.ie), with a specialty in one or more of the following fields: 


Biological/Health Sciences Computing 
+ Biomedical Diagnostics + Software Engineering, Language Technologies, 
+ Drug Discovery and Development Scientific 
* Cancer Research * Computing Information Security 
+ Therapeutics 

Engineering Physical/Chemical Sciences 

+ Image processing & Analysis Network Innovations * Photonic Sciences 
+ High Speed Devices and Systems and + Plasma Science and Technology 
* Content Analysis in Context * Environmental Monitoring 
* Innovative Manufacturing 
+ Biomedical Engineering Sustainable Technology 


Further details on the application process are available at: www.dcu.ie/vacancies/ current.shtml 


Expressions of Interest should be emailed to: hr.applications @dcu.ie by 5pm on Friday October 24th. 
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Is your work-life 
out of balance? 


Keep up-to-date with all 
the latest issues affecting 
scientists and their 
working environment on 
naturejobs.com 


nature publishing group & 
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Mars is the wrong colour 


No longer seeing red. 


lan Randal Strock 


There's a difference between a conspiracy 
and what Margaret Mead called “a small 
group of thoughtful, committed people”. 
The former will always fail, because some- 
one will give it away. The latter, as Mead 
said, “can change the world. Indeed, it is 
the only thing that ever has.” 

Many ventures fail not for a bad idea 
or poor planning, but because the wrong 
group of people is involved. I'd learned that 
time and again in my organizing efforts: 
fan groups, idealistic businesses and even 
social organizations that sputtered along 
but eventually collapsed because the peo- 
ple involved didn’t mesh well, or didn't 
have the right skill sets. 

This time, I vowed, it would be differ- 
ent. This time, my goal dwarfed 
all the others, and required 
far more commitment and 
cohesion among the people 
I'd be gathering to carry out 
the plan. So I went slowly. 
I didn't start with public pro- 
nouncements or marketing 
campaigns or mass appeals 
to everyone I knew. 

Instead, I found people of like 
mind through quiet, one-on-one con- 
versations. I found my potential collabo- 
rators at scientific conferences, through 
friends and business acquaintances and, 
in one instance, a call out of the blue to 
an author who wrote something in a story 
that resonated with me. 

It was a large group for a conspiracy, but 
a small number of people to carry out such 
a grandiose plan. And this one time, finally, 
I knew before I asked that they would all 
say yes. I convinced my double handful of 
potential co-conspirators to get together at 
a quiet resort during the off-season. They 
all said yes to the first date I proposed. 

After the introductions were out of the 
way, I think they all realized I had some- 
thing larger in mind than a social gather- 
ing. I stood up, and everyone else fell silent, 
looking at me with anticipation. 

“Mars is the wrong colour,’ | said. “After 
so many missions looking for life, I think 
we can be fairly certain that there is none 
on Mars. There may once have been, but 
there's nothing now, and the environment 
wont permit anything wed recognize as 
life to grow.” 

There were nods of agreement around 
the room, and an encouraging, “Yes, go 


» 


on. 


“We can keep going as we have been, 
sending probes to Mars every two years 
to investigate smaller and smaller pos- 
sibilities, or we can gather a small group 
of people,” I looked around the room with 
purpose, and knew they were the right 
crowd, because every one of them met my 
eyes and smiled, “and admit there’s no life, 
but that it’s time to start seeding it. 

“NASA is launching the Firebird in a 
year. It will be a successor to the Phoenix, 
with a soil laboratory, a digging arm and 
mobility” 


It was definitely the right crowd. I didn't 
have to finish the concept before someone 
else said: “The Flora experiment. We'll 
need to co-opt it, make it smaller and 
lighter than the programme integrators 
expect” 

“Then we can take the extra space and 
put what in it?” 

“Extremophiles. Some sort of microbes 
that will be happy in the current Martian 
environment, and which will excrete —” 

“The oxygen and ozone we need to 
transform the environment.” 

“Someone will notice” 

“By then, it'll be toolateto stop the process. 
If word doesn't get out, the rest of the world 
may assume it’s a natural process.” 

“Ora miracle” 

“But we'll know better.” 

“We wont have a living Mars to visit, nor 
will our grandchildren” 

“No, but their grandchildren will. 
Governments move too slowly, and don't 
think far enough ahead.” 

“Better a second habitable planet in a 
bunch of generations than none at all” 

“If were caught...” 
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“What? No country I know has a law 
against terraforming Mars.” 

“But they'll come up with something. 
Theft of government services? Deceit? 
Lying to a federal agency?” 

“Then we'll pay a fine or go to jail.” 

“But Mars will live?” 

“What do we call the project?” 

“Tf there’s a name, there will be some- 
thing to give us away. Something to let 
slip” 

“Don't use your government e-mail 
accounts to talk about this with anyone” 

We broke up into working groups. 

One to decide which microbes to send. 
Another to build their flight compart- 
ment. Yet another to redesign Flora to 
make room for our unannounced pack- 
age. And those who would be inspecting 


s the craft before launch, who were neces- 


sary to overlook our modifications. By 
the end of the weekend, we came back 

together, and we had a workable 
_“ plan. The scheduling was going to 
be tight, but that only meant less 
time for our plot to be discovered 
and stopped. 

We all left that week- 
end vowing to carry out 
our plan without telling a 

soul: not our spouses, not 
our children, and leave not a word in our 
wills. What we were doing, we were doing 
for all humanity. 

I organized the group: that was my 
contribution. I'm not a scientist, not a 
biologist, I don't work for NASA, and I had 
nothing more to do with any of the project 
members. But ego is a funny thing. As the 
organizer, I feel a certain responsibility to 
them, to let the world know that there is 
hope; the hope of another planet for our 
grandchildren’s grandchildren, if only we 
can keep ourselves alive long enough for 
Mars to be ready. Firebird will land on 
Mars very soon; there’s nothing anyone can 
do now to stop the process, short of nuking 
Mars, but that’s not going to happen. So 
I've written this story. 

Keep looking up, and tell your children. 
There will come a time when Mars is no 
longer the red planet. Watch for the white 
clouds, the blue water and the green life. 
It’s coming. a 
lan Randal Strock (http://ianrandalstrock. 
livejournal.com) is the editor of SFScope. 
com, the online trade journal of the 
science-fiction fields. He is also the 
author of The Presidential Book of Lists 
(Random House/ Villard, October 2008). 
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